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CHAPTER 1 
INTRODUCTION: COMPOUND NERVE ACTION POTENTIALS 
1 . Introduction 
Electrophysiological investigation of peripheral sensory nerve 
functioning has become a standard diagnostic tool in clinical neuro­
physiology (Ludin and Tackmann, 1979; Notermans, 1984). In the commonly 
used procedure a strong (supramaximal) electric stimulus is applied to the 
investigated nerve through either skin electrodes or subcutaneous needle 
electrodes. Action potentials, generated by the stimulus, start propagating 
along the individual fibres in the nerve. 
With a recording electrode, placed close to the nerve at some distance 
from the site of stimulation, an electric potential variation can be re­
corded which is associated with the passage of the action potentials of the 
myelinated fibres. This electric signal is known as the sensory nerve 
potential or compound nerve action potential (CAP). It represents the 
linear superposition of the single fibre action potentials (SFAPs). The 
SFAPs propagate along the different nerve fibres with different velocities 
depending, among others, on the fibre diameter. The SFAPs of different 
fibres will thus reach the recording site with different time delays, an 
effect which we will call the temporal dispersion of the SFAPs. An example 
of a compound action potential recorded from the sural nerve in a normal 
subject is shown in Fig. 1. 
Usually only two aspects of the CAP waveshape are considered. These 
are the peak-to-peak amplitude of the main complex (~ 35 μν in Fig. 1) and 
the propagation velocity associated with the first positive peak of the 
main complex (~ 55 m/s in Fig. 1). These parameters reflect the propagation 
along the fastest fibres. They obviously do not represent the full 
information about the functional condition of the nerve that is contained 
in the CAP signal. From Fig. 1b, where the superposition of two averaged 
CAPs is presented, it is evident that considerably more manifestations of 
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Figure 1 
(a) Compound action potential recorded with a subcutaneous 
needle electrode from a normal sural nerve upon supra­
maximal stimulation. The distance between stimulation and 
recording site was 14.9 cm. The signal is an average 
over 512 stimuli. 
(b) A superposition of two different subaverages over 256 
stimuli, together constituting the signal in (a), presented 
at a different amplitude acale to accentuate the small late 
components originating from slowly propagating fibres. 
Contributions from fibres as slow as 10 m/s can be distin­
guished. 
The arrows indicate the moment of stimulation. The bar at 
the top indicates the propagation velocities of the fibres 
contributing to the CAP at the associated time instants. 
Note that negative amplitude values are presented upward as 
is usual in electroneurophysiology. 
the entire fibre population are present in the signal. However, it is not 
directly evident how this information can be extracted from the signal in a 
quantitative way. 
Relevant questions are, for example, to what extent the amplitude of 
the main complex reflects the total number of fast fibres and what the 
temporal dispersion pattern of these fibres is. Can the slow components of 
the CAP (Fig. 1b) be interpreted in terms of number and velocity 
distribution of the activated slow fibres9 
The number of myelinated fibres and their propagation properties may 
vary considerably in disorders of the peripheral nervous system (Dyck et 
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ai., 1984a). The number of fibres and their diameter distribution may 
change due to a process of axonal de- and regeneration. In processes of 
segmental de- and remyelination the axons remain intact, but the 
propagation velocities decrease. One of the important objectives of 
clinical neurophysiological investigation is the distinction between such 
classes of pathological processes. Therefore, the ultimate aim in the 
interpretation of the CAP is the determination of the number of active 
fibres and their propagation velocities. 
The present study aims at combining relevant physical and 
physiological knowledge in a theoretical framework in order to develop 
formalized methods for the analysis of compound nerve action potentials. 
2. Electrophysiological measurements in nerves and myelinated nerve 
fibres 
Electric effects, associated with the transmission of impulses through 
the nervous system, are known since the early 1920s (e.g. Gasser and 
Erlanger, 1922). From the beginning, the analysis of the recorded electric 
potentials was supposed to contribute to the understanding of the 
physiological processes involved in neural transmission. 
2.1 Compound electrical activity in excised nerves 
At first, considerable attention has been paid to the analysis of 
propagation of action potentials in excised nerve bundles (Erlanger and 
Gasser, 1937). With electric stimuli of supramaximal intensity all 
myelinated fibres in the bundle can be activated. The compound action 
potential is recorded extracellularly at some distance along the nerve 
tract. In such an in vitro experiment the extracellular single fibre action 
potentials have a monophasic waveshape. The waveshape of the compound 
action potential, evidently also monophasic, can be understood by taking 
into account the temporal dispersion of the single fibre contributions 
according to the distribution of their propagation velocities. Gasser and 
Erlanger (1927) attempted to reconstruct recorded compound action 
potentials by using the postulated waveshape of the single fibre potential 
and the fibre diameter distribution of the nerve (Fig. 2). They assumed 
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Figure 2 
Compound action potential recorded from an excised nerve 
bundle (dashed line) and its reconstruction (solid line) 
from the single fibre contributions (triangles) (Casser and 
Erlanger, 1927). The measured distribution of fibre 
diameters was combined with an assumed relation between 
fibre diameter, propagation velocity and single fibre 
potential amplitude. 
that the propagation velocity of a myelinated nerve fibre is proportional 
to its external fibre diameter. 
2.2 Electrophysiology of single myelinated nerve fibres 
Later, basic research focused on the propagation properties of single 
myelinated fibres. The relation between the characteristics of the single 
fibre action potential, the propagation velocity, and a number of 
physiological and anatomical parameters was investigated both 
experimentally (e.g. Hursh, 1939; Paintal, 1973; Boyd and Kalu, 1979) and 
theoretically (e.g. Rushton, 1951; Frankenhaeuser, 1973; Waxman, 1980). The 
latter author studied in particular the single fibre propagation properties 
under a number of pathological conditions. The vast amount of nerve 
membrane studies at a molecular level will not be referred to in this 
study, since that type of research has only indirect connections with our 
primary objectives. 
2.3 Human compound nerve action potentials in situ 
The technique of recording whole nerve potentials returned as a 
standard investigation for diagnostic purposes. It is obvious, however, 
that in a clinical setting only in situ recording is suitable. 
Signal averaging techniques (Dawson, 1956) and amplifiers with 
sufficient sensitivity are necessary to record compound electrical activity 
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from whole peripheral nerves in situ, since signal amplitudes reduce to the 
microvolt level in such a recording situation. 
A major impulse was given by Buchthal and Rosenfalck (1966), who 
investigated a large number of experimental, methodological and 
physiological aspects of CAP recording and interpretation. It became 
evident that the electroneurographical investigation technique was a 
powerful tool for the assessment and discrimination of pathological 
processes in peripheral nerves (Buchthal and Rosenfalck, 1971; Buchthal et 
al., 1984; Rosenfalck, 1978). 
In addition to the already mentioned reduction of potential amplitude 
an in situ recording leads to a CAP waveform (Fig. 1), which is less easy 
to interpret than that recorded from an excised nerve (Fig. 2). The ionic 
currents set free at the single fibre membrane surface at the passage of an 
action potential now spread out through the tissue surrounding the fibre, 
and generate a complex electric field pattern in the tissue. The electric 
potential, picked up when a recording electrode is placed in the vicinity 
of the nerve, reflects this field pattern. The tissue acts as a so-called 
volume conductor. The geometry and the electric conductivities of the 
volume conductor influence the shape of the potentials which are recorded 
extracellularly. An important consequence of volume conduction is the fact 
that the monophasic intracellular action potential waveshape of a single 
nerve fibre is usually manifest as a triphasic extracellular waveshape in 
the extracellular domain. 
3. Relation between electrophysiological and morphological parameters 
The functional properties of myelinated nerve fibres as considered in 
electrophysiological studies are closely related with their anatomical 
properties. In normal nerve fibres the propagation velocity is roughly 
proportional to the external fibre diameter (Boyd and Kalu, 1979). The 
propagation velocity also depends on the characteristics of the myelin 
sheath, such as its thickness (Waxman, 1980). 
In diseased nerves a number of anatomical parameters can be 
considerably different from normal. Quantitative morphological analysis of 
biopsies of particularly the sural nerve is often used to assess the 
pathological processes (Thomas, 1970; Stevens et al., 1973; Joosten et al., 
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1974; Dyck et al., 1984b). Abnormalities can be found both in the 
perineurium, the interstitial tissues and the fibres themselves. The 
distribution of the sizes of the fibres may vary drastically during axonal 
de- and regeneration. In processes of segmental de- and remyelination the 
myelin sheath of the fibres is affected. A large number of abnormalities 
are also found at a submicroscopic level (Dyck et al., 1984b). 
Many changes in anatomical properties during neuropathy evidently have 
consequences for the electrophysiological manifestations of nerve 
functioning. These consequences concern in particular the propagation 
characteristics of the fibres. The effects of pathological processes on the 
intracellular action potential waveform are not known in such detail. 
From the above it is clear that a detailed electrophysiological 
analysis has its highest yield when it is performed in close relation with 
morphological studies, preferably from the same nerves. Lambert and Dyck 
(1984) investigated the relation between whole nerve potentials recorded 
from excised nerves and the morphology of the nerves. Tackmann et al. 
(1976), Behse and Buchthal (1978) and Buchthal et al. (19B4) have 
investigated the correlation between electrophysiological recordings in 
situ and morphological observations in the same nerve. 
The present investigation aims at a refinement of such studies on the 
correlation between quantitative· electrophysiological and morphological 
findings in the same nerves. The development and experimental validation of 
a theoretical model for the generation of the CAP is a central issue. 
4. Model analysis 
The single fibre action potentials (SFAPs) constituting the CAP have a 
triphasic waveform and are dispersed in time. As a consequence, the CAP 
waveshape is the result of a complex interference process of positive and 
negative components of different SFAPs. For this reason the adequate inter-
pretation of the compound action potential waveshape is not straightfor-
ward. Model simulations have been widely used to gain insight into t^is 
problem. Buchthal and Rosenfalck (1966) tried to reconstruct recorded CAPs 
in a similar way as had previously been done by Gasser and Erlanger (1927) 
for in vitro recorded signals (Fig. 2). Rather than the monophasic intra-
cellular potential assumed by Gasser and Erlanger (1927), Buchthal and 
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Rosenfalck used a triphasic single fibre potential. The reconstructions 
which they obtained using a postulated, schematized waveform for the single 
fibre potential were only partially satisfying. 
A physically based model analysis of CAPs can be developed by 
utilizing volume conduction theory (Lorente de Nó, 1947; Plonsey, 1969). 
This theory is used to predict the electric potential distribution in a 
conducting three-dimensional medium due to an active fibre. Volume 
conduction analysis of single active nerve and muscle fibres has received 
considerable attention in literature (Clark and Plonsey, 196B; Rosenfalck, 
1969; Plonsey, 1974, 1977; Andreassen and Rosenfalck, 1981). Study of the 
influence of the relevant characteristics of the intracellular action 
potential, the fibre dimensions and the presence of inhomogeneities and 
amsotropies in the extracellular medium was included by the above authors. 
In volume conductor studies of the compound activity of a whole nerve 
bundle two concepts can be distinguished: the 'forward' and the 'inverse' 
model approach. 
The 'forward' problem deals with the prediction of the CAP recorded in 
the tissue surrounding the nerve. This problem can, in principle, be solved 
when the membrane current pattern of the single fibre, the number and 
velocity distribution of the active fibres, and the geometry and electric 
conductivity of the tissue are known. Stegeman and De Weerd developed a 
volume conductor model for the CAP based on physiological data concerning 
the intracellular single fibre action potentials in which they accounted 
for the anatomical structure surrounding the fibres lying inside a nerve 
bundle (Stegeman et al., 1979; Stegeman, 1981; Stegeman and De Weerd, 
1982a). In this model the relevant physiological variables are described at 
a single fibre level. It therefore supplies a basis for the analysis of the 
compound action potential under a variety of (patho)physiological 
conditions. 
The principal goal of the 'inverse' problem in electroneurography is 
the determination of the distribution of the propagation velocities of the 
active fibres. This can be considered as the functional counterpart of the 
morphologically determined diameter distribution. A separation of the 
compound action potential waveshape into the underlying single fibre 
potential waveforms and the temporal dispersion pattern has to be 
accomplished. In such a procedure the distribution of the propagation 
velocities of the active fibres, being a statistical quantity, can be 
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estimated from the recorded CAPs with formally based statistical 
techniques. 
Recently various such methods have been described (Dorfman et al., 
1981; Cummins et al., 1979a,b; Kovacs et al., 1979; Barker et al., 1979b; 
Caddy et al., 1981; Hirose et al., 1983). The description of the SFAP wave-
shapes is either based on a number of straightforward assumptions or on a 
simple volume conductor model. Since these methods were devised for the 
analysis of surface recorded potentials they do not allow estimation of 
fibres with propagation velocities below ~ 35 m/s. Morphological 
verification of the estimated fibre distributions was only sparsely 
available. 
In the present study analysis methods are developed for the CAP by 
employing the 'forward' volume conductor model developed by Stegeman 
(1981). The methods of analysis are applied to CAPs recorded from the sural 
nerve prior to biopsy of the nerve, so that correlation of 
electrophysiological and morphological data is feasible. 
5. Survey of the present study 
In Chapter 2 the volume conductor model is elaborated. It gives the 
theoretical framework for this study. In Chapter 3 various 'forward' models 
as presented in literature are compared. In Chapter 4 the model is used to 
establish an optimal choice of recording electrodes. In Chapter 5 the 
'forward' model is used in the analysis of CAPs recorded in a variety of 
pathological nerves, in close relation with morphological observations. In 
Chapter 6 we present an 'inverse' model approach to the estimation of the 
fibre propagation velocity distribution. The application of this method to 
CAPs recorded in normal and pathological nerves is the subject of Chapter 
7. The major conclusions of this study are summarized in Chapter 8. 
CHAPTER 2 
THE FORWARD PROBLEM IN ELECTRONEUROGRAPHY 
I. A GENERALIZED VOLUME CONDUCTOR MODEL 
1. Introduction 
In this Chapter we present a generalized volume conductor model of the 
evoked compound action potential (CAP) of a peripheral nerve in situ. It is 
a further elaboration of a previously developed forward model (Stegeman et 
al., 1979). 
The compound action potential is commonly modelled as the linear 
summation of the temporally dispersed single fibre action potentials 
(SFAPs) (Buchthal and Rosenfalck, 1966; Cummins et al., 1979a; Stegeman et 
al., 1979). A major point of difference between various model approaches 
described in literature is the description of variations among the SFAPs 
originating from different fibres. These variations are due to the 
differences in physical and physiological properties of different fibres, 
including the characteristics of the intracellular action potentials, their 
propagation velocities along the fibres, the dimensions of the fibres and 
their location within the volume conductor. Both theoretical models (Barker 
et al., 1979a; Stegeman et al., 1979) and empirical approaches (Buchthal 
and Rosenfalck, 1966; Cummins et al., 1979a,b; Contento et al., 19Θ3; 
Rosenfalck and Ottosen, 19Θ2) have been proposed to describe the above 
effects. We give a generalized model for the genesis of the SFAPs 
incorporating variations in the intracellular action potential duration for 
different fibres. It accounts for the effects of volume conduction for a 
specified class of volume conductor configurations. 
It will be demonstrated that the final expressions' for the SFAPs and 
the CAP can be given in a mathematically transparent form. As a 
consequence, the model may not only be used for the calculation of CAPs 
from given physical and physiological nerve parameters (the forward 
problem), but it is also well suited for the study of the inverse problem. 
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A comparison of existing forward models is the subject of Chapter 3. 
2. The extracellular single fibre action potential (SFAP) 
In this Section a general formulation of the volume conducted single 
fibre action potential (SFAP) is derived. The SFAPs are described 
explicitly in terms of the electric sources and the geometry and 
conductivity of the surrounding tissue. For a wide class of volume 
conductor configurations the SFAPs are given in a general expression. 
2.1 The electric source and the volume conductor 
The potential distribution in the extracellular medium generated by an 
active nerve fibre can be calculated using volume conduction theory 
(Lorente de Nó, 1947; Plonsey, 1969). The problem is considered 
quasi-static (Plonsey and Heppner, 1967). A solution in analytical form is 
feasible when assuming cylinder symmetry with respect to the nerve fibre 
axis (e.g. Clark and Plonsey (1968), Plonsey (1974)). The latter assumption 
still allows relatively complex volume conductor configurations (Stegeman 
et al.,1979), e.g., as given in Fig. 1. 
The electric source for the SFAP is the membrane current of the active 
fibre. It has been shown by a number of authors that the potential φ 
in the extracellular medium can be related to the transmembrane current 
density ι through a convolution of ι with a weighting function h 
which represents the effect of volume conduction (Andreassen and 
Rosenfalck, 1981; Greco et al., 1977; Plonsey, 1974, 1977; Rosenfalck, 
1969; Stegeman et al., 1979): 
φ (z,t;p,a,d,o) = a [h(z;p,a,d, σ) * i
m
(z,t;a)], (1) 
where * indicates convolution over the variable z: 
Ш 
f(x) * g(x) = ƒ f(s) g(x-s) ds. 
— œ 
In Eq. (1) we have 
φ : the extracellular potential, 
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Figure 1 
A cylindncally symmetric volume conductor configuration of 
a nerve fibre (radius a) at the axis of an electrically 
anisotropic nerve bundle (radius b). Three regions can be 
distinguished: ι (intracellular) with conductivity α
χ
·, 
о (outer), anisotropic with conductivities (σ0ρ,σοζ) and 
e (external), anisotropic with conductivities (θβρ>σβζ)· 
From Stegeman et al. (1979). In this study we set 
σ
β ρ
= σ
β ζ =
σ
β · 
the volume conduction weighting function, 
2, 
h 
ι : the membrane current density (units A/m ), 
m ' 
with arguments 
ζ : the axial cylinder coordinate, 
ρ : the radial cylinder coordinate (= distance between fibre axis 
and observation point), 
t : time, 
a : the fibre radius, 
d : a vector having the geometry parameters as its elements, 
σ : a vector having the conductivity parameters as its elements. 
The latter two parameter vectors specify the volume conductor 
configuration. 
The membrane current density will be related to the intracellular 
potential by (cf. Andreassen and Rosenfalck, 1981; Stegeman et al., 1979) 
σ a 2 
i
m
(z,t;a) = -~ 2 «t^U.tja), 
ôz 
(2) 
with 
Φ (z,t;a): the intracellular potential, 
σ : the intracellular conductivity. 
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Here it is implicitly assumed that intracellular potential variations 
appear in the longitudinal direction only, which is a fair assumption as 
long as the fibre diameter is small compared to the length of the 
depolarized region (Clark and Plonsey, 1966; Plonsey, 1974; Rosenfalck, 
1969). By combining Eqs (1) and (2) the potential in the extracellular 
medium is related to the intracellular potential by 
2 
(t>
e
(z,t;p,a,3,a) = a [h(z; p,a,3, σ) *—^- φ ^ ζ ^ ;a) ], (3) 
ôz 
σ. 
in which the factor /_ has been incorporated in the parameter vector a 
of h. 
Explicit expressions for h(z;p,a,a,a) are given in the Appendix to 
this Chapter for two specific volume conductor configurations. The 
properties of φ.(ζ,ί;β) are elaborated in Sect. 2.3. 
It has been shown that for a nerve fibre in an infinite, homogeneous 
mediun the fibre diameter introduces a negligible inhomogeneity (Andreassen 
and Rosenfalck, 1981; Rosenfalck, 1969; Stegeman et al., 1979). Using the 
model as presented by Stegeman et al. (1979) we have evaluated this point 
for the situation where the fibre lies in a strongly anisotropic nerve 
bundle (Fig. 1). It can be concluded that neglection of the fibre radius, 
by setting a = 0 in the expressions, introduces an insignificant effect for 
the calculated volume conductor weighting function h. Details of this 
approximation are given in the Appendix to this Chapter. Hence we conclude 
that 
h(z;p,a,3,a) = h(z;p,0,í,a) (4) 
and as a consequence Eq. (3) may be replaced by 
2 
φ (z,t;p,a,3,a) = a [h(z;p,J,a) * — = · φ. (z,t;a) ], (3) 
e
 oz¿ 1 
in which a is no longer an argument of the function h. 
Examples for the function h(z;p,d,a) associated with the voltine 
conductor configuration as illustrated in Fig. 1 are given in Fig. 2 for 
two different observation points. 
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Figure 2 
Volume conductor weighting functions h (in arbitrary units) 
for (a) a near-nerve recording position and (b) a skin 
surface recording position, assuming the nerve bundle of 
Fig. 1 with radius b = 0.5 mm lying in a layer of subcuta­
neous tissue of 10 mm thickness at a depth of θ mm below 
the skin surface (Stegeman et al., 1979; Chapters 4 and 5 
of this thesis). Boundary surfaces are incorporated by 
using the method of images. Values of conductivity param­
eters are taken from Stegeman and De Weerd (1982a). 
2.2 The 5FAP as a function of time 
For an action potential which propagates along the fibre wath 
propagation velocity ν the variables ζ and t appearing in Eqs (1), (2), (3) 
and (5) are related by 
ζ = ν t . (6) 
When ν is assumed to be constant the potentials ФІ and ф
е
 satisfy the 
wave equation 
φίζ,Ο = φ(ζ-νΟ, (7) 
and they can thus be considered explicitly as a function either of 
position ζ at a fixed time instant or of time t at a fixed position. 
The second derivatives are related by 
2 2 
-^φ(ζ-νΐ) = 4-T* ( z- v t )· ( 8 ) 
δζ ν эИ 
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We will proceed with the temporal formulation as given in the right hand 
side of Eq. (8) and we will omit ζ as an argument of φ. and φ . 
Furthermore, in forthcoming expressions the role of the fibre radius a 
(an anatomical parameter) will be taken over by the propagation velocity ν 
(a physiological parameter) to describe the dependence of φ. and φ on 
fibre size. This can be done since ν is a monotonically increasing function 
of a. 
We define 
θ(ν) = -J , (9) 
which explicitly describes the above relationship between fibre diameter a 
and propagation velocity v. By substituting Eqs (6), (8) and (9) in Eq. (5) 
the temporal expression equivalent to Eq. (5) becomes 
2 
φ (t;p,v,J,S) = θ2(ν) [ν h(vt;p,3,2) * — „ - φ. (t; ν) ], (10) 
e
 bt¿ 
in which the convolution is now over the variable t. We note that for 
normal myelinated nerve fibres θ(ν) is approximately constant (Boyd and 
Kalu, 1979; Olson, 1973; Stegeman and De Weerd, 19B2a). 
The factor ν which multiplies h in Eq. (10) originates from the 
conversion of integration variable ζ to t. We have chosen to maintain this 
factor in combination with the function h since vh(vt;p,d,a) reflects the 
temporal weighting function associated with the spatial weighting function 
h(z;p,d,a). 
2.3 The intracellular action potential 
The waveshape of the intracellular action potential of nerve fibres is 
monophasic and has an amplitude of approximately 100 mV (Tasaki and Frank, 
1955). The extracellular potential field can be adequately described by 
assuming a triangular waveshape for φ., which is associated with two 
point sources and one point sink for the membrane current, the tripole 
concept (Andreassen and Rosenfalck, 1981; Plonsey, 1974; Rosenfalck, 1969; 
Stegeman et al., 1979) (Fig. 3). When we assume a constant ratio between 
rise time and fall time of φ., the intracellular potentials of different 
fibres can be characterized by their duration, which appears to be a 
Generalized volume conductor model 
- 23 -
duration ot ψ 
100 mV 
(а) 
(Ь) 
Figure 3 
(а) Schematized intracellular potential ф1(і; ) as a 
function of time and (b) its second derivative, for a fibre 
with propagation velocity of 50 m/s at 35 0 C . Fig. 3b is 
given in arbitrary units and on an inverted scale. 
monotonie function of the propagation velocity (Bernent, 1981,1983; Pamtal, 
1966) (Fig. 4a). 
The functions φ (t;v) for different fibres can thus be formulated 
φ (t;v) = φ (a(v)t), 
1 г (11) 
where φ (t) is the intracellular potential of a reference fibre. The 
function a(v) scales the duration of φ (t;v) with respect to that of 
the reference fibre, for which a(v) = 1 (Fig. 4b). We define the second 
derivative corresponding to the reference fibre by 
s(t) = - ^ φ (t). (12) 
ot' r 
The second derivative of φ (t;v), which appears in Eq. (10) and represents 
the actual source of the SFAP for a fibre with propagation velocity v, is 
then given by 
- ^ ф (t;v) = a2(v) s(a(v)t). 
Ot' 1 
(13) 
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Юг 
duration 
ο« ψ, .θ 
(ms) 
.6 
.4 · 
.2 
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propagation velocity (nVs) 
(a) 
a(v) 
20 30 40 60 60 70 
propagation velocity (m/s) 
(b) Figure 4 
(a) Duration of intracellular action potential φ^(1;ν) as a 
function of fibre propagation velocity at different 
temperatures. Data derived from Paintal (1966). (b) The 
function a(v) for 35 0 C derived from (a) with reference 
fibre at 50 m/s. 
Experimental data on the duration of φ. have been presented by Paintal 
(1966) and Bernent (1981,1983). The duration as a function of propagation 
velocity at different temperatures (Fig. 4a) was derived from the data of 
Paintal (1966). The function a(v) (Fig. 4b) can be derived from these 
data. It is inversely proportional to the duration of φ.(ί;ν). 
2.4 General description of the SFAPs 
Combining the results of the previous sections we can give a 
generalized formulation for the SFAP as a function of time for fibres of 
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20 m/s 
(b) 
1 ms 
Figure 5 
Single fibre action potentials 
(a) for a near-nerve recording 
position and (b) for a surface 
recording position for fibres 
propagating at 20 m/a and 50 m/s 
according to Eq. (14). Generating 
functions h(z), s(t) and a(v) as 
described in Figs 2, 3b and 4b. 
θ(ν) was taken to be constant. Note 
the differences in amplitude cali­
bration. 
different propagation velocities. With substitution of Eq. 
Eq. (10) we have 
(13) into 
φ (t;p,v,3,î) = θ2(ν) [ν h(vt;p,3,a) * α2(ν) s(o(v)t)]. (14) 
The term α (ν) s(a(v)t) in the convolution is a function which, due to 
the character of a(v), has lower amplitude and larger duration for the 
lower propagation velocities (Fig. 4b). The term vh(vt;p,d,a) is a weight­
ing function which also becomes lower in amplitude and broader in time with 
decreasing v. As a result, the SFAPs will show both a decrease in amplitude 
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and an increase in duration with decreasing propagation velocity. This is 
illustrated in Fig. 5 for a near-nerve and a skin surface recording 
position. 
For a convenient use of Eq. (14) in describing a compound action 
potential we assume that the observation distance ρ and the volume 
conductor (d and a) are identical for all contributing fibres (Stegeman et 
al., 1979). We will, for a specified volume conductor configuration, omit 
the volume conductor arguments ρ, α and a and rewrite Eq. (14) as 
Ф
е
и ; ) = θ2(ν) [ν h(vt) * α2(ν) s(a(v)t)]. (15) 
Eq. (15) is the generalized formulation for a SFAP with propagation 
velocity ν which will be used for the description of the CAP in the next 
Section. 
3. The compound action potential (CAP) 
The compound action potential (CAP) y(t) is modelled as a linear 
summation of the SFAPs, dispersed in time according to their arrival times 
t at the recording electrode 
N 
y(t) = Σ φ (t-t iv ) , (16) 
J=1 J J 
where N is the number of active fibres. For a possible cross-talk between 
different myelinated fibres, which would violate the superposition 
principle, no arguments can be found in literature (Clark and Plonsey, 
1970; Esplín, 1962; Freeman, 1972). 
The SFAP waveshapes of different fibres j are determined by their 
propagation velocity ν at the recording electrode (Eq. (15)). When 
ν is assumed to be constant over the propagation distance Л between 
stimulation site and recording site, t and ν are related by 
t = ^ . (17) 
J
 J 
Here activation times and virtual cathode effects are neglected (Buchthal 
and Rosenfalck, 1966; Cummins et al., 1979a). By substituting Eqs (15) and 
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(17) into Eq. (16) we have 
N » 
y(t;A) = Σ ƒ θ2(ν ) α2(ν ) ν h(v (t- -ρ-τ)) s(a(v )τ)άτ, (18) 
1=1 _Ш J J J J ». J 
where the convolution appearing in Eq. (15) is written explicitly as an 
integral. 
Alternatively, by introducing the function g(v), with g(v)dv 
representing the number of active fibres in the nerve with propagation 
velocity in the interval (v,v+dv), and by replacing the summation in 
Eq. (18) by an integral, we have 
OD » 
y(t;jO = ƒ ƒ θ2(ν) α2(ν) g(v) ν hUt-A-vt)) з(а( )т) dxdv. (19) 
о -
ш 
Eq. (19) is the final expression for the compound action potential. 
The function g(v) can be derived from a fibre diameter histogram by 
using the relationship between fibre diameter and propagation velocity. A 
finite number of fibres can be simulated by using a random sample from an 
assumed probability density function f (ν) (Stegeman et al., 1979; cf. 
Chapter 6 of this thesis). Two typical examples of f (ν), for a normal 
(N=8000 fibres) and for a pathological (N=5000 fibres) nerve (cf. Dyck et 
al., 1984b), together with the associated CAPs computed by using Eq. (19), 
are given in Fig. 6. In forthcoming Chapters the statistical nature of the 
finite fibre population will play an important role. 
4. Discussion 
We have formulated a model description for the CAP (Eq. 19) which 
incorporates physical and physiological factors at a single fibre level. 
It was shown that a general mathematical representation of the SFAPs 
can be derived for volume conductor configurations having cylindrical 
symmetry. Compared to a previous formulation of the model (Stegeman et al., 
1979) the final expressions for the SFAPs and the CAP were substantially 
simplified since the weighting function h does no longer explicitly depend 
on the fibre radius, apart from its implicit dependence via the propagation 
velocity. This simplification became possible after neglecting the fibre 
radius in that weighting function (Eq. 4). 
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70 30 20 (т/э) 
Figure 6 
Assumed propagation velocity distributions (left) and the 
associated near-nerve compound action potentials y(t;Jl) 
(Eq. (19)) (right), (a) for a normal nerve containing 
N = 8000 fibres and (b) for a pathological nerve with 
severe loss of fast fibres (N = 5000) (cf. Dyck et al. 
(1984b)). The N active fibres were taken as random samples 
from the given distributions. Recording distance i = 15 cm; 
h(z), s(t) and a(v) as in Figs. 2a, 3b and 4b and θ(ν) 
constant. The arrows indicate the moment of stimulation. 
Note the differences in amplitude calibration. The bar 
along the bottom of Fig. 6b (right curve) indicates the 
velocities of the fibres contributing to the CAPs at the 
associated time instants. 
A variable intracellular potential duration has not been modelled 
previously, in part because the influence of this aspect was expected to be 
small (Stegeman et al., 1979; Stegeman and De Weerd, 1982a). Recently this 
point received renewed attention (Bernent, 1983). It appeared to be easy to 
incorporate a possible variation in our model. 
The SFAPs were first expressed in the spatial domain as a convolution 
(Eq. (5)) of a function representing the electric source with a weighting 
function describing the effect of volume conduction. Alternatively, the 
convolution can be carried out in the time domain (Eq. (15)), involving a 
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function α (v)s(o(v)t) describing the current source, and a weighting 
function vh(vt) representing the volume conductor. Due to the propagating 
character of the action potential the propagation velocity ν has entered 
into the function h for the description of the volume conductor weighting 
function as a function of time. From this formulation it can be seen that 
volume conduction has a smoothing effect on the waveform of the SFAPs which 
is more pronounced for the more slowly propagating fibres. 
It is noteworthy that, the form of the function vh(vt) in Eq. (15) is 
retained also for the more general class of volume conductor configurations 
in which the cross-sectional structure is invariant along the fibre axis. 
In non-cylindrical cases an analytical solution for h(z), as is desirable 
(Heringa et al., 1982), can generally not be found. Approximate solutions 
can be used for a number of these more complex configurations, e.g., as was 
done here, when modelling the skin as a flat boundary surface (Stegeman et 
al., 1979; Stegeman and De Weerd, 1982a) with the method of images 
(Jackson, 1962; Plonsey, 1969). 
In the descriptions of Eqs (18) and (19) the axially symmetric volume 
conductor is assumed to be identical for each fibre. This implies that each 
fibre is assumed to lie on the same line within the nerve trunk, e.g. on 
its axis (Fig. 1). The validity of this assumption can only be studied by 
analysis of the complicated electrical field problem of a population of 
fibres scattered through the bundle (Clark and Plonsey, 1968; Heringa and 
De Weerd, 1985; Roth and Wikswo, 1985). The strong shielding effects due to 
the anisotropy of the nerve trunk and due to its shaft, the perineurium, 
are definitely in favour of this assumption (Stegeman et al., 1979). It may 
in particular be expected to hold true in an approach to CAP analysis in 
which a large number of fibres, scattered through the bundle, is involved 
(Cummins et al., 1979b; Stegeman et al., 1979). 
The final CAP model is given in Eq. (19). The main characteristic 
properties of the functions involved can be found in Figs 2, 3, 4 and 6. 
The inverse problem, concerned with the estimation of the distribution 
of propagation velocities g(v) can be studied using Eq. (19). The 
mathematical properties of the involved functions · can be used to 
investigate the existence of a unique solution and to establish a method to 
obtain it via direct calculation from experimentally recorded CAPs. 
The formulation as given in Eq. (15) is well suited to compare various 
forward models which have appeared in literature (cf. Chapter 3). 
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In this Appendix analytical expressions are derived for the electric 
field due to an active fibre for two specific volume conductor 
con figurations. 
I. Consider an active fibre of radius a in an infinite homogeneous volume 
conductor of conducitivity σ . In this cylindncally symmetric 
configuration a solution to Poisson's equation can be found in the 
spatial frequency domain (Jackson, 1962). The potential Φ in the 
extracellular medium at the radial coordinate ρ and time t is given as a 
function of spatial frequency к (Andreassen and Rosenfalck, 1981; 
Rosenfalck, 1969; Stegeman et al., 1979) by 
K
o
(|k|p) 
$e(k,t;P,a,ae) = a σ ^ | ° ^ ( [ ψ ) Im(k,t;a) (Al) 
where Φ (k,t;p,a,a ) and I (k,t;a) are the spatial Fourier transforms of 
the extracellular potential φ (z,t;p,a,a ) and the membrane current 
density ι (z,t;a) respectively. Κ (ξ) and Κ,(ζ) are the modified Bessel 
m o 1 
functions of the second kind of order, respectively, zero and one 
(Abramowitz and Stegun, 1972). By taking the Fourier transform of 
Eq. (2) we have 
σ a „ 
I
m
(k,t;a) = -γ- [-к^  Ф ^ к . ^ а ) ] , (A2) 
so that we can write Eq. (A1) as 
Ф
е
( к , і ; р , а , а
і
, с
е
) = a 2 [H(k; ρ,a, ^ , σ
β
) ] [ - k 2 Ф ^ к . ^ а ) ] , (A3) 
where 
σ
ι
 K 0 ( | k | p ) 
H ( k ; P ' a ' a i » < J e ) = TT ψ\Γ^Γ\ψΤ · ( A A ) 
Eq. (3) is the inverse Fourier transform of Eq. (A3) with h the inverse 
transform of H. The influence of the fibre radius in H can be 
investigated by considering Eq. (A4) after substitution of a = 0. In 
this approximation Eq. (A4) is simplified to (cf. Eq. (4)) 
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H ( k ; p > 0 , a 1 , a e ) = 2^ Ko{\*\9) ' ( A 3 ) 
σ 
e 
s i n c e (Abramowitz and Stegun, 1972) 
ξ Κ ( ξ ) + 1 for ξ + 0 . (Α6) 
The error induced by this approximation was shown to be maximally of the 
order of a few percents (Andreassen and Rosenfalck, 1981; Rosenfalck, 
1969; Stegeman et al., 1979), which should be considered to be 
acceptable in view of the other assumptions made in the model. 
II.Consider a nerve fibre of radius a, situated on the axis of an 
anisotropic cylindrical nerve bundle of radius b, which is, in turn, 
surrounded by an infinite homogeneous and isotropic medium (Fig. 1). It 
has been shown (Stegeman et al., 1979) that the potential Ф
е
 in the 
external region at the radial coordinate ρ and time t is given as a 
function of spatial frequency к by 
<S
e
(k,t;p,a,b,a) = a 2 [H(k;p,a,b,o) ][-k2 Ф
і
(к,і;а) ] , (A7) 
where 
σ N(k,b ,b ) 
H(k;p,a,b,3) = ^ i K
o
(|k|p
e
) 0 e
 g . (ΑΘ) 
D(k,a ,a ,b ,b ,-^) 1
 ' o' e o' e'a ' 
ep 
e 
Here the parameters ρ ,b ,b ,a ,a are defined by (Plonsey, 1974; 
с О б О В 
Stegeman e t a l . , 1979) 
a 1/2 
ξ
ν
 = ξ x {—•') , ξ = р,а,Ь , ν = ο,e . (Α9) 
νρ 
Furthermore 
I (Iklb )K.(lklb
n
) + l1(|k|bn)Kn(lk|bn) 
Μ С I, U U '\ О І І О І І І О 1 І І О О І І О /'лнп\ 
N ( k ) b o , b e ) = і^Г[-к|ье)ко(|к|ье) ' ( A 1 0 ) 
and 
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a Dik,a ,a ,b ,b , - ^ ) = — ГоЛк.а ,b ,b ) + 0„(k,a ,b ,b )1 + 
^ ' о e' о ' e'o > a L 1 о ' о e 2 ' o o e ' 
ер о 
£ ß [Оз(к,а
о
,Ь
о >
Ь
е
) - D 4 ( k F a o , b o , b e ) ] , (А11) 
ер 
with 
D 1 ( k ' a o ' b o ' b e ) = Ko(|k|be) 
D.,(k,a .b . b J = 
k l a o K 1 ( l k l a o ) I o ( l k l b o ) 
к
І
а
о
І
і
(
І
к
І
а
о 1Чь 0 ) 
' г ^ ^ о ^ о ^ в ' " κ ( i k i b ) 
o l l e 
π г , ь ь Ì І к І а о К і ( І к І а 0 ) І і ( І к | ь 0 ) 
Ik la L ( | k | a )K,(|k|b ) 
г. /ι u u \ I о 1 I I о 1 Ι ι ο /»,-,λ 
D 4 ( , < ' a o ' b o ' b e ) = V № ? ' 
Ι (ζ) and Ι,.(ζ) are the modified Bessel functions of the first kind and, 
respectively, order zero and one (Abramowitz and Stegun, 1972).The 
expression for N(k,b ,b ) can be simplified by substitution of 
(Abramowitz and Stegun, 1972) 
Ι,,ίΟΚ^ζ) + ^(5)^(5) = 1/ξ . (A13) 
For a + 0 both D0(k,a ,b ,b ) and D.ik.a ,b ,b ) vanish since L o o e 4 o o e 
(Abramowitz and Stegun, 1972) 
ξ Ι ^ ζ ) •»•0 for ζ ·> 0 . (AU) 
We similarly use Eq. (A6) to simplify D and D,, and set 
a σ σ 1/2 
о ер oz 
Thus Eq. (AB) reduces to 
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H(k;p,0,b,a) = 
a 
j 
e 
2^КоПЧР
е
) 
т-тт— - τ - . (Α16) 
1 0
 ( г ^ ) іоІІЧЬо^СІЧЬв^^^ЧЧЬо ІЧь.) 
ер oz ер 
Numerical comparison of (ΑΘ) with (A16) shows a relative error of less 
than 0.1% over the physiological range of к (0 < к < 500 m ) for 
-1 -1 typical values b = 0.5 mm, a =1.0 (Qm) , a = 0.01 (йт) , 
_,|OZ op 
σ = σ = a = 0 . 0 4 (Qm) (Stegeman and De Weerd, 1982a) and 
e ер ez ' 
a < 10 μιπ. 

CHAPTER 3 
THE FORWARD PROBLEM IN ELECTRONEUROGRAPHY 
II. COMPARISON OF MODELS 
1. Introduction 
In this Chapter we present a comparison of various model formulations 
for the compound nerve action potentials (CAP) as have been described in 
literature. Such a comparison is of particular interest both for the 
evaluation of current methods of analysis and for the development of new 
approaches. 
The CAP is commonly modelled as the linear superposition of the single 
fibre action potentials (SFAPs). Different assumptions have been made about 
the description of the waveshapes of the SFAPs originating from the 
different active fibres. In a number of approaches (Barker et al., 1979a; 
Stegeman et al., 1979a; Stegeman and De Weerd, 19 2а; Chapter 2 of this 
thesis) , which we will refer to as physical models, the SFAPs for the 
different fibres are calculated by using volume conduction theory and a 
description of the intracellular electric activity. 
In other approaches (Barker et al., 1979b; Caddy et al., 1981; 
Contento et al., 19 З; Cummins et al., 1979a,b; Hirose et al., 1983; Kovacs 
et al., 1979; Rosenfalck and Ottosen, 1982), which we will refer to as 
empirical models, the existence of a reference SFAP waveshape is postulated 
and assumptions are made concerning variation in the SFAPs over the fibre 
population as related to the reference SFAP. 
In this Chapter we first consider the different assumptions and 
mathematical formulations for the description of SFAP variation over the 
fibre population. Then, by using computer calculations of both SFAPs and 
CAPs, the apparent differences in signal characteristics as predicted by 
the different models are studied. Finally we consider two other aspects of 
CAP modelling: the "finite sample" properties of the fibre population and 
the choice of the underlying reference SFAP waveshape. 
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2. Survey of models 
The compound action potential (CAP) is modelled as the linear 
summation of the temporally dispersed single fibre action potentials 
(SFAPs) (Cummins et al., 1979a,b; Stegeman et al., 1979). When ν is 
assumed to be constant over the propagation distance A between simulation 
site and recording site and activation times and virtual cathode effects 
are neglected (Buchthal and Rosenfalck, 1966; Cummins et al., 1979a,b) we 
have 
N JL 
y(t;A) = Σ φ (t - ; ν ) , (1) 
J=I
 e
 VJ
 J 
in which 
φ : the SFAP for a fibre with propagation velocity v, 
i : the propagation distance between stimulation site and 
recording site, and 
N : the number of active fibres. 
We will show that all model formulations can be expressed as 
4>
e
(t;v) = χ(ν) [w(t;v) * f
o
(t;v)] , (2) 
in which * denotes convolution over the variable t. Using this expression 
we will be able to survey the assumptions made in the various model 
approaches and to elucidate their relationships. Eq. (2) contains a number 
of mechanisms for the description of SFAP waveshape variation among fibres 
of different propagation velocity. The function f (t;v) will be used to 
represent the underlying source or reference to the actually observed SFAP, 
namely the intracellular (or transmembrane) single fibre action potential 
or the extracellular reference SFAP waveshape. Variations in the waveform 
of φ (t;v) are modelled by a convolution of f with the weighting function 
w(t;v), which is thus used either to represent the effects of volume 
conduction or to describe modifications to the reference SFAP. Finally, 
χ(ν) accounts for an additional amplitude scaling of the SFAPs. 
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model 
A 
В 
С 
D 
E 
F 
authors 
Chapter 2 of this thesis 
Stegeman et al., 1979, 
Stegeman and De Weerd, 1982a 
Cummins et al., 1979b 
Rosenfalck and Ottosen, 1982 
Kovacs et al., 1979 
Barker et al., 1979b, 
Caddy et al., 1981, 
Contento et al., 1983, 
Cummins et al., 1979a,b, 
Hirose et al., 1983 
X(v) 
θ
2(ν) 
θ
2(ν) 
A(v) 
3.22 
't' 
2 
(— ) 
2 
V 
w(t;v) 
vh(vt) 
vh(vt) 
q(t;v) 
6(t) 
6(t) 
6(t) 
f
o
(t;v) 
a
2(v)s(a(v)t) 
s(t) 
a(t) 
*e((7-) 0' 5 t^o) 
0 
0 
Ф
е
(ь;
 о
) 
Table 1 
Survey of models and their relationship with the formulation 
<t>
e
(t;v) = χ(ν) [w(t;v) * f
o
(t;v)]. 
A comprehensive survey of the specific choices for the functions 
w(t;v), f (t;v) and χ(ν) as made by the various authors is given in 
Table I. The model formulations which will be treated in the following 
subsections are denoted A, B, C, D, E and F as corresponding to the first 
column in Table I. 
- зв -
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2.1 Physical models 
2.1.1. Model A 
In Chapter 2 of this thesis we have presented a generalized volume 
conductor model in which the SFAP is formulated as 
Ф
в
(і; ) = θ2(ν) [ν h(vt) * α2(ν) s(a(v)t)] . (3) 
The function sCt) represents the electric source to the SFAP as formed by 
the transmembrane current density pattern and is equal to the second 
derivative of the intracellular action potential. The function a(v), which 
is only slightly different from unity, accounts for different durations of 
the intracellular potentials. The function h(z) is a weighting function 
describing the effect of volume conduction. Finally, θ is the ratio between 
fibre radius and propagation velocity expressed as a function of v. For 
normal nerve fibres this function is usually assumed constant (Boyd and 
Kalu, 1979). For details concerning the physical, background and for some 
illustrative examples we refer to Chapter 2. This model will be referred to 
as model A (Table I). 
2.1.2. Model В 
Model В is an early version of model A, in which differences in the 
intracellular action potential duration for fibres of different propagation 
velocity were not taken into account (Stegeman et al., 1979; Stegeman and 
De Weerd, 1982a). This is equivalent to setting a(v) = 1 in Eq. (3), which 
thus reduces to (Table I) 
ф
е
и ; ) = θ2(ν) [ν h(vt) * s(t)] . (4) 
2.2 Empirical models 
2.2.1. Model C: variable SFAP waveshape 
In the general formulation of their inverse estimation procedure, 
based on two measured CAPs, Cummins et al. (1979b) introduced the following 
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empirical description of SFAP variation over the fibre population 
•
e
(t;v) = A(v) [q(t;v) » a(t)] , (5) 
which we will refer to as model С (Table I). 
The function a(t) is a unitary SFAP waveform common to all SFAPs, and 
q(t;v) is a set of velocity dependent shaping functions which, by 
assumption, account for all variations in SFAP waveform with propagation 
velocity. The function A(v) is introduced to describe SFAP amplitude 
dependence on propagation velocity after scaling q(t;v) * a(t) to unit 
amplitude. 
In particular a(t) was set equal to the SFAP associated with a 
reference fibre with propagation velocity ν 
a(t) = Φ (t;vJ . (6) 
e о 
In the actual application of this model in their inverse estimation 
procedure (Cummins et al., 1979b; Dor fman et al., 19Θ3) these authors, by 
lack of knowledge of the explicit form of the shaping functions, set 
A(v) = (V/
v
 ) , 
о 
q(t;v) = 6(t), 
where 6(t) is the Dirac delta function, by which this model is reduced to 
model F (Sect. 2.2.2.3). 
Model С vs model В 
By comparing the formulations of models В (Eq. 4) and С (Eq. 5) a 
strong correspondence can be observed. Note first that a direct 
correspondence between the formulations is obtained by setting a(t) = s(t), 
о 
q(t;v) = vh(vt) and A(v) = θ (ν) (cf. Table I). This approach is 
different from the one proposed by Cummins et al. (1979b), since a(t) would 
then be associated with a membrane current density pattern rather than with 
an extracellular potential distribution, and the shaping function would 
describe the full effect of volume conduction rather than minor 
- 40 - Chapter 3 
modifications to a reference 5FAP. 
The above discrepancy, however, is not essential, since a description 
of the functions involved in model С in the strict sense (Eqs (5) and (6)) 
in terms of model В can easily be found by substitution of 
q(t;v) = vh(vt) * "1 ν h(v t) , (8) 
where * denotes a deconvolution. Apart from Θ, which may be 
considered constant, the function q(t;v) from Eq. (8) is the proper shaping 
function acting upon the unitary SFAP a(t) (Eq. (6)) as derived from model 
В (Eq. (4)) with the reference volume conductor weighting function ν h(v t) 
o o 
a(t) = <t>
e
(t;v
o
) = θ 2(ν
ο
) [v
o
 h(v
o
t) * sit)] . (9) 
With Eqs (8) and (9) a close relationship between the models В and С is 
obtained. 
2.2.2. Models with scaling of a fixed SFAP waveshape 
In a second group of empirical models SFAP variations as a function of 
the propagation velocity are described by a velocity dependent scaling in 
the duration and in the amplitude of a fixed reference SFAP waveform 
φ (t;v ). These scalings are usually chosen as powers of the propagation 
velocity 
Ф
е
(ь; ) = (v/
v
 ) ß Ф
е
(( / )Yt; v
o
) . (10) 
о о 
This formulation can be derived from Eq. (2) by taking the reference SFAP 
waveshape φ (t;v ) for f and by taking Dirac delta functions for w(t:v) 
e o o 
(Table I). So in fact the convolution character of Eq. (2) has degenerated. 
2.2.2.1. Model D 
Rosenfalck and Ottosen (1982,1983) used a parameter optimization 
method to fit the model of Eq. (10) to electrophysiological data of seven 
normal sural nerves using the morphological data of the same nerves as 
obtained after biopsy, and assuming a linear relationship between fibre 
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diameter and propagation velocity. A simulated SFAP from our original model 
(Stegeman et al., 1979) was used as the standard SFAP φ (t;v ). They found 
optimal parameter values of β = 3.22 ± 0.46 with γ = 0.5 (Table I). 
2.2.2.2. Model E 
In their method for estimating the propagation velocity distribution 
of the active fibres Kovacs et al. (1979) used the formulation as given in 
Eq. (10) and, inspired by literature data, assumed the parameter values 
β = 2 and γ = 1 (11) 
(Table I). The parameter value γ = 1 in Eq. (10) implies that the duration 
of the extracellular single fibre action potential is inversely 
proportional to propagation velocity. 
Model E vs model A 
It is interesting to observe that a model formulation identical to 
model E can be obtained from model A by substitution of 
a(v) = V/
v
 (12) 
о 
in Eq. (3), i.e., when it is assumed that the duration of the intracellular 
action potential is inversely proportional to v. 
2.2.2.3. Model F 
In the most commonly used model formulation for the SFAPs in the 
inverse model approach (Barker et al., 1979b; Caddy et al., 1981; Cummins 
et al., 1979b; Hirose et al., 1983) a fixed waveshape is assumed for all 
SFAPs with only an amplitude variation as a function of propagation 
velocity. Although some other assumptions on the character of the amplitude 
variation are made (see, e.g., Cummins et al., (1979a,b)), most authors, 
inspired by literature data, assume SFAP amplitude to be proportional to 
2 
ν . This approach corresponds to Eq. (10) by setting 
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β = 2 and γ = О , (13) 
which will be referred to as model F. It is the most basic CAP model 
presented in literature. It represents the most drastic reduction of 
Eq. (2) (cf. Table I). 
3. Simulations 
Computer calculations of both SFAPs and CAPs have been performed in 
order to evaluate the differences in the signals as predicted by the models 
A, B, D, E and F. Model С was not incorporated since the shaping function 
concept was never elaborated explicitly apart from our suggestion in 
Eq. (Θ), which makes model С and model В identical. 
3.1 Methode 
In order to allow an optimal comparison of the effects of the 
different descriptions of SFAP variation over the fibre population a common 
basis was given to all models by using a SFAP waveshape calculated with 
volume conductor model A as the reference SFAP φ (t;v ) required in models 
θ о 
D, E and F. 
The calculations with model A were done by using the volume conductor 
model as specified before (Stegeman et al., 1979; Stegeman and De Weerd, 
1982a; Chapter 2 of this thesis). The nerve was assumed to have a diameter 
of 1 mm and to be situated at a depth of В mm below the skin surface in a 
layer of subcutaneous tissue of 10 mm thickness. The conductivity 
parameters were taken from Stegeman and De Weerd (1982a). The function θ(ν) 
was assumed to be constant, while a(v) was taken from Fig. 4b of Chapter 2 
to describe the variation in intracellular potential duration at a 
temperature of 35 0 C . 
For the calculation of CAPs the population of active fibres was 
generated as a random sample from a postulated underlying distribution of 
propagation velocities (Stegeman et al., 1979; Chapters 2 and 6 of this 
thesis). 
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SOm/e 
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(Ы 
Figure 1 
Single fibre action potentials (SFAPs) generated by the 
models A, B, D, E and F as indicated for fibres with 
propagation velocities of 20 m/s and 50 m/s. (a) Skin 
surface recording position, (b) near-nerve recording 
position. 
The SFAP generated by model A at v 0 = 35 m/s (middle) was 
used as reference waveshape, also for the other models. 
Note the differences in amplitude calibration. 
3.2 Results 
SFAPs and CAPs were calculated for two different observation points in 
the volume conductor, one at the skin surface directly above the nerve 
(representing a skin surface recording), the other at a 1.0 mm transverse 
distance from the nerve axis at the same depth as the nerve (representing a 
near-nerve needle recording). 
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(a) (b) 
Figure 2 
Assumed propagation velocity distributions (a) for a normal 
nerve containing N = 8000 fibres and (b) for a pathological 
nerve with severe loss of fibres predominantly in the fast 
fibre range with N = 3500 (Buchthal and Rosenfalck, 1971; 
Dyck et al., 1984b; Stegeman and De Weerd, 19B2a). 
First SFAP variation with propagation velocity as predicted by the 
different models was evaluated. In Fig. 1 SFAPs at propagation velocities 
of 20 m/s and 50 m/s, generated with the different models, are shown both 
for a skin surface recording and for a near-nerve recording. The reference 
propagation velocity ν , determining φ (t;v ), was taken at an intermediate 
value of 35 m/s. Thus by definition the 35 m/s SFAP is identical for all 
models. 
For the calculation of CAPs two different fibre distributions were 
assumed, one representing a normal sural nerve (Stegeman and De Weerd, 
1982a) with 8000 fibres (Fig.2a), the other representing a pathological 
nerve (Buchthal and Rosenfalck, 1971; Dyck et al., 1984b) with severe loss 
of fibres, predominantly in the high propagation velocity range (Fig. 2b) 
with 3500 active fibres. In order to evaluate the influence of different 
degrees of dispersion of SFAP arrival times at the recording site the CAPs 
were calculated for two propagation distances between stimulation and 
recording site of Л = 6 cm and S. = 15 cm. In all CAPs the reference 
velocity ν determining φ (t;v ) from model A was now taken to be 40 m/s, 
in order to obtain an optimal correspondence between the models for the 
dominating main complex of the CAP. 
In Fig. 3 normal CAPs associated with the fibre velocity distribution 
of Fig. 2a and generated by the different models are given for a 
propagation distance of i = 15 cm both for a skin surface recording and for 
a near-nerve recording. 
In Fig. 4 pathological CAPs (cf. Buchthal and Rosenfalck (1971)), with 
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model 
normal 
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Figure 3 
Normal CAPs based on the fibre distribution of Fig. 2a 
calculated with models A, B, D, E and F as indicated at a 
propagation distance of A = 15 cm, for (a) a skin surface 
recording position, (b) a near-nerve recording position. 
Reference SFAP waveshape (model В to F) at v 0 = 40 m/s. 
Note the differences in amplitude calibration. The arrows 
indicate the moment of stimulation. 
fibre velocity distribution of Fig. 2b, are given for a near-nerve 
recording at two propagation distances. 
We finally studied the relative sensitivity of the CAP waveshapes to 
factors other than a different description of SFAP variation over the fibre 
population. 
In Fig. 5 we illustrate a consequence of the finiteness of the number 
of active fibres for CAP modelling. Both for the normal velocity 
distribution of Fig. 2a (N = 8000) and for the pathological distribution of 
Fig. 2b (N = 3500) CAPs were calculated with model B, first (Fig. 5(i)) 
associated with the continuous velocity distribution and then (Figs 
5(ii)-(v)) for four different random samples from this distribution. 
In Fig. 6 we illustrate, using model F, the sensitivity of the CAP 
waveform to the actual choice of the reference SFAP. Normal and 
pathological CAPs are shown for X = 15 cm with as reference SFAPs a 
simulated skin surface SFAP at 50 m/s (Fig. 6(i)), a simulated near-nerve 
SFAP at 20 m/s (Fig. 6(ii)), a simulated near-nerve SFAP at 50 m/s 
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Figure 4 
Pathological CAPs based on the fibre distribution of 
Fig. 2b calculated with models A, B, D, ΐ. and F as 
indicated for a near-nerve recording position at 
propagation distances of (a) i. = 6 cm and (b) A = 15 cm. 
Reference SFAP waveshape (models В to F) at ν 0 = 40 m/s. 
Note the different time scales and amplitude calibrations. 
The arrows indicate the moment of stimulation. 
(Fig. 6(iii)) and an artificial 'triangle' SFAP (Fig. 6(iv)) redrawn from 
Buchthal and Rosenfalck (1966) (cf. also Contento et al. (1983) and Cummins 
et al. (1979a)). 
Discussion 
In this Chapter we have presented an evaluation of different 
theoretical and empirical approaches to CAP modelling as have appeared in 
literature. 
We first concentrated on the description of the variation among the 
SFAPs originating from fibres of different propagation velocity. In our 
general volume conductor model (model A) it is demonstrated that both the 
variation in the intracellular action potential duration and the 
propagation velocity determine SFAP waveshape variations. Both imply a 
decreasing amplitude and an increasing duration for SFAPs originating from 
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P3 
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F i g u r e 5 
(a) Normal and (b) pathological CAPs generated with model В 
for a propagation distance of Л = 15 cm at a near-nerve 
recording position, corrresponding to (i) the continuous 
distributions of Fig. 2a and 2b respectively, (ii)-(v) four 
different fibre populations with (a) N = 8000 and 
(b) N = 3500 randomly sampled from the distributions of 
Fig. 2a and 2b respectively. Reference SFAP waveshape at 
v 0 = 40 m/s. Note the different time scales and amplitude 
calibrations. The arrows indicate the moment of stimulation. 
the more slowly propagating fibres (Chapter 2). The possible relevance of 
modelling the variation in intracellular potential duration, which was not 
accounted for previously (model Β), was emphasized recently by Bernent 
(1983). 
In the models C, D, E and F the above factors are not implied 
explicitly but their effect is accounted for in an empirical way. This is 
done either by introducing a linear filter concept (shaping functions) to 
convert a standard waveshape to the desired SFAPs (model C) or by applying 
a scaling in amplitude and duration to a single reference SFAP waveshape 
(models D, E and F). This standard SFAP waveshape is either postulated 
(Buchthal and Rosenfalck, 1966; Contento et al., 19 З; Cummins et al., 
1979a), taken from a volume conductor model (Rosenfalck and Ottosen, 
1982,1983), estimated experimentally (Kovacs et al., 1979), or found as an 
additional result of a procedure for the estimation of the propagation 
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Figure 6 
(a) Different reference SFAPs and the associated (b) normal 
CAPs and (c) pathological CAPs generated with model F for a 
propagation distance of Л s 15 cm. 
The reference SFAPs are 
(i) a simulated SFAP at 50 m/s (skin surface recording, 
model A), (ii) a simulated SFAP at 20 m/s (near-nerve 
recording, model A), (ili) a simulated SFAP at 50 m/s 
(near-nerve recording, model A), (iv) an artificial SFAP 
redrawn from Buchthal and Rosenfalck (1966). 
Relative scaling to peak amplitudes. The arrows indicate 
the moment of stimulation. 
velocity distribution (Barker et al., 1979b; Caddy et al., 1981; Cummins et 
al., 1979b; Нігоэе et al., 1983). 
We demonstrated that the shaping function formulation proposed by 
Cummins et al. (1979b) (model C) has a close relationship with our model 
B. This correspondence is due to the fact that both models are based on 
similar convolution formulations. We emphasize that Eq. (8) gives an 
explicit suggestion for the appropriate form of the shaping functions in 
the approach of Cummins et al. (1979b). 
The values of the parameters β and γ (Eq. (10)) assumed in the models 
D, E and F show considerable variation. It is expected that the parameter 
values obtained by Rosenfalck and Ottosen (1982) by using optimization 
techniques are strongly determined by their specific choice of φ (t;v) 
and by the assumed linear relationship between fibre diameter and 
propagation velocity. The latter relationship proved to be a very sensitive 
aspect of CAP modelling (Olson, 1973; Stegeman and De Weerd, 1982a). It 
should further be realized that in a least-squares fit approach the 
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parameter values are strongly determined by the fast fibre group. 
Other authors (Caddy et al., 1981; Cummins et al., 1979a,b; Hirose et 
al., 1983; Kovacs et al., 1979) based their parameter values on literature 
data. However, frequently data on amplitude and duration of single fibre 
potentials as obtained from dissected nerve fibres were used. As a 
consequence the essential effects of volume conduction were disregarded. 
This concerns both the SFAP amplitude variation (Cummins et al., 1979a,b; 
Kovacs et al., 1979) and the duration of the SFAP. The latter was 
interpreted as a constant by some authors (Caddy et al., 1981; Cummins et 
al., 1979a,b; Hirose et al., 1983) and as inversely proportional with 
propagation velocity by others (Kovacs et al., 1979). Barker et al. 
(1979a) derived values for the empirical parameters using a simple voline 
conductor model. Some of their results, however, disagree with later 
findings (Heringa et al., 1982). 
The differences between the models were illustrated using computer 
calculations of both SFAPs and CAPs. Since the general volume conductor 
model A was taken as a common basis to all models, an inherent similarity 
between the potential waveforms generated with different models is to be 
expected. We do not include a quantification of the observed differences, 
but rather consider the predicted waveforms in a qualitative way. 
Considering the simulated SFAPs (Fig. 1) first we note that the effect 
of neglecting a variable intracellular potential duration (model В vs model 
A) is very small, so a(v) may be set equal to unity. The other models 
predict considerable differences in the waveshapes of the SFAPs. Note the 
total lack of variation in SFAP duration in model F and the large variation 
in SFAP duration in model E. The latter indicates that with the assumption 
of the intracellular potential duration being inversely proportional to 
propagation velocity (Eq. (12)) the slow fibre SFAP duration strongly 
increases as compared with the situation where at(v) = 1 (model A/B). 
Considering the differences in SFAP amplitude behaviour first we draw 
attention to the effect of the large value of the parameter β in model D. 
Detailed observation further shows that, as compared to model A, the models 
E and F predict a smaller SFAP amplitude variation as function of velocity 
for the surface recording, but a larger amplitude variation for the 
near-nerve recording. This indicates that the optimal value of the 
parameter β in Eq. (10) depends on the recording configuration. 
We then demonstrated to what extent the apparent differences in SFAPs 
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influence the predicted CAPs. For the normal CAPs (Fig. 3), apart from 
differences in absolute amplitude, we see slight differences in the 
waveshape of the main complex, e.g., concerning the ratio of positive and 
negative peak amplitude, and small differences in the late components. 
This is demonstrated more clearly in the near-nerve waveform than in the 
skin surface waveform. In the pathological CAPs (Fig. 4) the differences in 
waveshape are revealed in an even more distinct way. 
Two general characteristics of the CAP signal can be distinguished in 
particular. The first is the relative contribution of fast and slow 
components. The slow components are substantially suppressed by model D 
while all other models show a relatively similar behaviour in this 
respect. The second aspect is the time-varying frequency content of the CAP 
signal. Models A and В predict a gradual decrease in frequency content 
towards the late components. Model D predicts a similar behaviour. Model E 
predicts a larger smoothing effect towards the late components, while 
model F does not incorporate the effect at all. 
We conclude that the gl' bal appearance of the predicted CAPs is 
similar for all models considered, because it is strongly dominated by the 
fibre velocity distribution. However, a closer look reveals that distinct 
differences exist in specific signal characteristics. These differences are 
revealed in a more pronounced fashion in near-nerve recordings and, in 
particular, in pathological nerves where a relatively small number of 
fibres is active (Fig. 4). Similarly the differences must also be expected 
to appear more clearly with larger propagation distances due to the 
associated large temporal dispersion of the SFAPs (cf. Figs. 4a vs 4b). 
We finally considered the relevance of the differences between models 
as evaluated above as compared to two other important aspects of CAP 
modelling. 
The implications of the finite sample properties of the fibre 
population for the CAP are illustrated in Fig. 5. Comparison of Figs 3, 4 
and 5 leads to the conclusion that the sample distribution of the fibres 
dominates the waveform of the CAP, in particular for the late components 
(Fig. 5a,b) and for the polyphasic potentials when relatively few fibres 
are involved (Fig. 5b). This effect becomes the more important for larger 
propagation distances with an associated larger SFAP dispersion. The 
relatively small sensitivity of the large main complex of normal potentials 
to the actual sample distribution (Fig. 5a) can be understood by 
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considering the statistics of the fibre population (Stegeman et al., 1979; 
Chapter 6 of this thesis). Model differences concerning the relative 
amplitudes of fast and slow components and the time-varying frequency 
content are retained irrespective of the differences implied by different 
random samples. 
The differences introduced by the choice of various reference SFAPs 
(Fig. 6) appear to be quite considerable. They are at least as large as the 
differences which are observed between the different models when the same 
underlying SFAP is used (Figs 3 and 4). 
As a final conclusion we state that the different models lead to 
distinct differences in the predicted CAPs, which, however, can be 
secondary to larger differences associated with statistical aspects of the 
actual fibre distribution or due to improper selection of the 
characteristics of the single Fibre action potential. A proper treatment of 
the Fibre population statistics and oF the underlying volume conductor 
characteristics is of crucial importance for the adequate interpretation of 
recorded CAPs. It is particularly emphasized that the most considerable 
model differences are found in the description of pathological CAPs in 
near-nerve recordings. 
We are aware of the fact that a further validation of models would 
need experimental verification. To our knowledge, however, reliable 
experimental data on SFAP waveshape and amplitude are not available. 
Adequate experimental techniques will have to be developed first. More 
indirect validation can be obtained by comparing model simulation results 
with recorded CAPs in combination with morphological data from the same 
nerves. For model В such results are described in Chapter 5. 

CHAPTER 4 
ON THE OPTIMAL CHOICE OF A RECORDING ELECTRODE IN ELECTRONEUROGRAPHY 
1. Introduction 
Electrophysiological investigation of human peripheral nerve aims at 
the assessment of the relevant functional characteristics of the nerve. The 
interpretation of the recorded compound action potential can be 
considerably supported by using theoretical model analysis of the signal. 
In this context the question arises, which recording technique yields 
optimal conditions for refined methods of CAP analysis. An essential point 
then is the choice of the recording electrode. Buchthal and Rosenfalck 
(1966) proposed the use of needle electrodes (0.7 mm diameter, teflon 
coated with a bare tip of several millimeters) and Rosenfalck (197Θ) 
discussed the applicability of near-nerve needle recording. However, many 
investigators use surface electrodes of various types, because of the ease 
of application and positioning and the relative comfort to the patient. In 
this Chapter we deal with the determination of optimal dimensions and 
position of the recording electrode as essential determinants for the 
amount of information which can be obtained from the nerve. 
For this purpose it is, in the first place, important to state what 
kind of information should ideally be extracted from the nerve signal. The 
ultimate goal may be considered to be separation of the compound signal 
into its single fibre contributions. Thus one would obtain detailed 
knowledge of the functional characteristics of the fibres, such as their 
propagation velocities, and their distribution over the fibre population. 
However, it is essentially impossible to observe the electrical activity of 
each fibre separately, even in excised nerves, due to overlap in time of 
the different fibre contributions (Erlanger and Gasser, 1937; Paintal, 
1966). When recording the CAP in situ several other factors put further 
restrictions on the retrieval of detailed information about the individual 
fibre characteristics. In this Chapter we discuss how to deal 
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with three important limitations, so that maximal information is retained 
in the recorded signals. 
The first factor which strongly affects the recorded signal in 
comparison to the in vitro situation is the volume conduction of the 
electric currents through the surrounding tissue. This converts the 
monophasic intracellular spike to a triphasic single fibre potential and 
makes the position of the recording electrode play a major role in the 
signal actually recorded. 
The second factor influencing the signal is the actual type, shape and 
size of the recording electrode. These first two factors determine the 
amount of information present in the recorded nerve signal per se. We shall 
show that the use of needle electrodes can provide considerably more 
information. 
A third factor, which determines the quality of a recording, is the 
amount of noise. Both physiological background noise and noise from 
electrodes and amplifiers will diminish the observation accuracy of the 
nerve signal, and may even completely obscure part of the information it 
contains. 
Although smaller recording electrodes are known to produce larger 
signal amplitudes and more detailed waveshapes, they will, because of their 
higher impedances, also contribute a larger amount of noise. This implies 
conflicting requirements with respect to optimal electrode dimensions. 
Hence we want to stress that it is the signal-to-noise ratio (SNR) in the 
recorded signal, rather than simply the CAP amplitude, which should be 
considered as a measure for the optimal detectability of fibre population 
characteristics in the CAP. The SNR approaches zero both for extremely 
small and for very large electrodes. In the first case the noise becomes 
very large while the signal approaches a finite value. In the second case 
the signal becomes very small and will be dominated by the amplifier 
noise. Thus, for some intermediate value of the electrode lead-off area an 
optimum in the SNR can be found. 
In this Chapter the above concepts are elaborated, by combining 
experimental measurements and model simulations, resulting in the 
specification of an optimal lead-off area for needle electrodes. 
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2. Methods 
2.1 Model simulations 
To investigate the influence of volume conduction and of electrode 
dimensions on the CAP signal, computer simulations were used. Simulations 
were preferred to experimental measurements because of the insufficient 
controllability of several important experimental parameters, such as the 
exact position of the recording electrode with respect to the nerve. 
In the simulations we used a previously developed volume conductor 
model (Chapter 2 of this thesis; Stegeman et al., 1979; Stegeman and De 
Weerd, 19 2а). The model assumes that the nerve lies in a layer of fatty 
tissue bounded by the skin on one side and by muscle tissue on the other. 
This appears to be a quite realistic description, e.g., of the sural nerve 
at the calf. Also, the electrical anisotropy within the nerve bundle is 
taken into account. The single fibre membrane current is modelled according 
to the tripole concept (Rosenfalck, 1969). An arbitrary nunber of fibrea 
may be assumed to be activated; this fibre population is taken as a random 
sample from a postulated underlying distribution of fibres of different 
conduction velocity. Finally, the CAP is calculated as a linear summation 
of the volume conducted single fibre action potentials (SFAPs), which are 
dispersed in arrival time at the recording site by their different 
propagation velocities. For further details about the model we refer to the 
previous Chapters. 
The model predicts the potential at specified points in the volume 
conductor. Hence the results can be related to experimental measurements 
where an electrode with infinitesimally small lead-off area would have been 
used. In practice, however, different electrode types of finite dimensions 
are used. Surface electrodes usually are small circular metal discs, with a 
diameter of about 10 mm. Needle electrodes generally have a diameter of 
approximately 0.5 mm and a non-insulated tip of 3 to 7 m (Buchthal and 
Rosenfalck, 1966). 
The potential recorded with such electrodes may be calculated exactly 
by taking the lead field of the electrodes into account (Plonsey, 1969; 
Arzbaecher and Brody, 1976). The solution may be conceived of as some 
weighted spatial average, over the recording surface of the electrode, of 
the potential calculated for the conductor without the electrode (Plonsey, 
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1965). The exact calculation, however, is a complex problem in a 
complicated volume conductor like the one we are considering. We therefore 
decided to apply uniform averaging of the CAPs calculated over a large 
number of points on the recording surface. This is a fair approximation as 
long as the potential variations over the surface are not too large. 
In order to simulate potentials recorded with needle electrodes with 
various bare tip lengths we averaged potentials calculated for points along 
the axis of the needle electrode with spacings of 0.1 mm. Averaging over 
the other dimensions of the electrode was not performed since potential 
changes in these directions appear to be negligible for needle diameters of 
less than 0.5 mm. 
2.2 Electrode noise 
The dependence of needle electrode noise upon the bare tip length was 
studied experimentally. Standard stainless steel DISA 13L64 sensory needle 
electrodes and DISA 13L65 monopolar needle electrodes, both of 0.4 mm 
diameter, were used. From the latter part of the teflon coating was removed 
in order to obtain electrodes with different bare tip lengths up to 4 mm. 
Noise levels were measured in 0.15Й NaCl, (commonly used as an electrical 
equivalent of body tissue, e.g. Guld et al., 1970) and after subcutaneous 
insertion in the region of the sural nerve at the calf of a healthy 
volunteer. All electrodes were treated electrolytically (Buchthal and 
Rosenfalck, 1966) immediately before the experiment. Noise sweeps of 
40.96 ms duration, recorded with pairs of electrodes in various 
combinations were amplified (DISA 15C02 sensory amplifier, filter setting 
10 Hz - 8 kHz) and AD converted at a rate of 25000 samples/sec. Noise power 
was computed digitally after correction for DC level. Due to the high 
susceptibility of the measurements to various external sources of 
interference, great care had to be taken to obtain stable noise 
recordings. Only noise sweeps without artefacts, as judged by visual 
inspection, were accepted. For each electrode pair θ noise sweeps were 
obtained for further analysis. Amplifier noise was measured in an analogous 
way. 
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Figure 1 
Schematic cross-section of the anatomical configuration of 
nerve and surrounding tissues as used in the model 
simulations. N: nerve, S: skin surface, E: electrode, 
( I ) : subcutaneous fat tissue, (II): muscle tissue. 
Dashed lines indicate lines of simulated electrode 
insertion at transverse distances of 0.6 mm, 2.0 mm and 
5.0 mm to the centre of the nerve. 
3. Results 
3.1 Volume conduction and the position of a point-shaped electrode 
In the model simulations the nerve, with an assumed diameter of 1 mm, 
was assumed to lie in a subcutaneous layer of fatty tissue of 10 mm 
thickness, at a depth of В mm below the skin surface. Action potentials 
were calculated at an array of points lying on lines perpendicular to the 
skin surface at transverse distances to the nerve centre of 0.6 mm, 2.0 mm 
and 5.0 mm (Fig. 1; see also Chapter 5, Section 2 . 2 ) . The assumed distance 
between stimulation and recording site was 15.0 cm. Parameters concerning 
the tissue conductivity and the intracellular action potential were taken 
from Stegeman and De Weerd (1982a). 
First a fibre population representing a normal sural nerve was assumed 
(Buchthal et al., 1984; Stegeman and De Weerd, 1982a). Since detailed 
observation of the CAP in pathological nerves is often required a fibre 
population with 90?ί loss of the larger fibres was also simulated. The 
results for a transverse distance of 0.6 mm are given in Figs 2 and 3 
depth below 
skin surface (mm) 
2 ms 
10 
14 
Figure 2 
Simulated CAPs for a normal fibre distribution as a 
function of depth below the skin surface, at a transverse 
electrode to nerve centre distance of 0.6 mm. (a) Absolute 
scaling, (b) relative scaling. The asterisk indicates the 
depth of the nerve. 
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Figure 3 
Simulated CAPs for a pathological fibre distribution with 
90% loss of fast fibres as a function of depth below the 
skin surface, at a transverse electrode to nerve centre 
distance of 0.6 mm. (a) Absolute scaling, (b) relative 
scaling. The asterisk indicates the depth of the nerve. 
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Figure 4 
Simulated SFAPs for fibres with propagation velocities of 
50 m/s, 30 m/s and 20 m/s respectively as a function of 
depth below the skin surface, at a transverse electrode to 
п г centre distance of 0.6 mm. (a) Absolute scaling, 
(b) relative scaling. The asterisk indicates the depth of 
the nerve. 
respectively. To obtain more insight into the apparent differences in 
waveshape and amplitude we concentrated further analysis on the effect of 
volume conduction on single fibre action potentials (SFAPs), the 
constituents of the CAP. We calculated SFAPs for fibres with propagation 
velocities of 50 m/s, 30 m/s and 20 m/s corresponding to fibres of roughly 
10 μπι, 6 μιη and 4 μπι diameter. The results are given in Fig. 4, again for a 
transverse distance of 0.6 mm. Fig. 5 sunmarizes the amplitude decline for 
these fibres, for three transverse distances to the nerve centre. 
3.2 The influence of needle electrode dimensions upon the recorded signal 
SFAPs were spatially averaged in order to simulate recording with 
needle electrodes of bare tip lengths up to 6 mm, inserted along the lines 
as indicated in Fig. 1. For each tip length the calculation was done for 
such a depth that the recorded SFAP amplitude was maximal. This depth may 
differ by as much as 2 mm from the depth of the nerve in extreme cases, a 
phenomenon that will be discussed later. The peak-to-peak amplitudes as a 
function of electrode tip length are given in Fig. 6. 
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Figure 5 
SFAR peak-to-peak amplitude as a function of depth below 
the skin surface for fibres with propagation velocities of 
50 m/s, 30 m/s and 20 m/s, and transverse electrode to 
nerve centre distances of 0.6 mm (a,b), 2.0 mm (c,d) and 
5.0 mm (e,f). Left absolute scaling, right relative 
scaling. 
3.3 Electrode noise for different tip lengths 
In order to obtain an impression of the noise level of needle 
electrodes as a function of bare tip length, noise power was measured 
experimentally for different tip lengths of 0.25 mm up to 6 mm. In order to 
be able to calculate the noise contribution of single electrodes (Fig. 7), 
all data were corrected for the amplifier noise for which an rms value of 
0.25 μν was measured. 
3.4 Signal-to-noise ratio (SNR) as a function of tip length 
The results given in Figs 6 and 7b were combined to obtain the SNR of 
the SFAR as a function of tip length (Fig. 8) for a complete recording 
set-up consisting of two identical electrodes and the low noise amplifier 
(DISA 15C02). SNR was calculated as the ratio of peak-to-peak SFAR 
amplitude and five times the rms noise level (which approximately equals 
peak-to-peak noise level). 
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Figure 6 
SFAP peak-to-peak amplitude as a function of needle bare 
tip length for fibres with propagation velocities of 
50 m/s, 30 m/s and 20 m/s, and transverse electrode to 
nerve centre distances of 0.6 mm (a), 2.0 mm (b) and 
5.0 mm (c). In (d) the results of (a), (b) and (c) are 
plotted on a relative scale. 
4. Discussion 
Optimal use of quantitative methods in electroneurography requires a 
carefully selected recording technique to begin with. In this study we 
concentrated on the choice of the recording electrode, its position with 
respect to the nerve and its lead-off area. 
In discussing the information content of a CAP recording, several 
aspects have to be taken into account. The main complex or global 
waveshape, on the one hand, is associated with global characteristics of 
the fibre population. On the other hand, the fine detail in the signal as 
reflected by notches in the main complex and the presence of late 
components can be ascribed to the statistical nature of the essentially 
finite fibre population (cf. Chapter 6 of this thesis). It appears that 
this fine detail is, more than the global waveshape, affected by the 
position of the recording electrode. This phenomenon may be assessed in 
terms of the frequency content of the recorded nerve signal. It can be 
generally stated that loss of frequency content is associated with loss of 
information, since, from an information theoretical point of view, the 
information contained in a signal is an increasing function of its 
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F i g u r e 7 
Root-mean-square noise amplitudes for stainless steel 
needle electrodes as a function of bare tip length, (a) in 
subcutaneous tissue, (b) in 0.15% NaCl solution. 
bandwidth (e.g. Gabor, 1946). 
A separate issue is the detectability of the signal characteristics 
amidst the noise from electrodes and amplifiers. It will be clear that the 
observability of especially the fine details in the signal may be severely 
hampered by the recording noise. This aspect can be dealt with by 
introducing the concept of signal-to-noise ratio (SNR). Hence we want to 
stress the importance of a high SNR over as wide a frequency range as 
possible. 
Using a realistic volume conductor model we investigated waveshape and 
amplitude variations of the CAP through the surrounding tissue. In Figs 2 
and 3 two important phenomena can be observed. The most obvious aspect is 
the strong variation of CAP amplitude with depth. For near-nerve recording 
the amplitude is maximal at the depth of the nerve and declines more 
rapidly with increasing than with decreasing depth. The latter phenomenon, 
which was also found in experimental measurements (Buchthal and Rosenfalck, 
1966) is mainly due to the so-called mirror effect of the skin (Plonsey, 
1969; De Weerd, 1984). Note that the late components are more severely 
reduced in amplitude than the main complex of the CAP. The second 
observation, which is, of course, not independent from the first, concerns 
the waveshape of the CAP. Close to the nerve a signal with a relatively 
high frequency content is observed. Contrarily, at the skin surface the 
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SFAP signal-to-noise ratio (SNR) as a function of bare tip 
length for fibres with propagation velocities of 50 m/s, 
30 m/s and 20 m/s, and transverse electrode to nerve centre 
distances of 0.6 mm (a), 2.0 mm (b) and 5.0 mm (c). In (d) 
the results of (a), (b) and (c) are plotted on a relative 
scale. SNR was calculated as the ratio of peak-to-peak SFAP 
amplitude and five times the rms noise level. 
signal is of considerably lower frequency. 
These phenomena were further analyzed by considering the waveforms of 
single fibre action potentials (SFAPs) for different propagation velocities 
as a function of depth. From Figs 4 and 5 it is clear that amplitude 
variations are largest in the proximity of the nerve. Also, for larger 
transverse electrode-to-nerve distances the maximal amplitude does not 
occur at the depth of the nerve, but somewhat closer to the skin. This is 
again due to the above mentioned mirror effect of the skin, in combination 
with the relatively high electrical conductivity of the muscle tissue. The 
intuitively unexpected behaviour at the fat-muscle interface is due to the 
abrupt change in electrical conductivity. Furthermore, Fig. 5 shows that, 
with increasing observation distance, slowly propagating fibres have a 
slightly steeper SFAP amplitude decline than fast fibres. 
The SFAP signal has a less high frequency character at the skin 
surface than in the proximity of the nerve (Fig. A). This smoothing effect 
is the result of the increasing low pass character of the volume conduction 
weighting function (Stegeman et al., 1979), which leads to a decrease in 
amplitude and broadening of the SFAPs. Consequently, the SFAP overlap in a 
compound action potential increases. This aspect has a relatively small 
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influence on the global waveshape of the CAP's main complex which is in 
itself of a low frequency character. However, it has a clear impact on the 
slow fibre contributions which tend to be obscured by the smoothing effects 
due to volume conduction. We therefore conclude that needle electrodes are 
more appropriate than surface electrodes whenever the fine detail in the 
CAP waveshape needs to be preserved. 
Subsequently the effect of finite needle electrode dimensions was 
studied. Although we assumed uniform averaging of the signal over the 
electrode surface, which is only a first approximation to the actual 
solution of the electrical field problem, we are able to draw general 
conclusions about amplitude and waveshape changes in the recorded signal 
when using electrodes with different lead-off areas. 
As could be expected from the previous results, the simulations show 
that only for near-nerve recording is there a considerable influence upon 
5FAP amplitude (Fig. 6). Slow fibre and fast fibre action potentials show a 
negligible difference in amplitude decline with increasing bare tip 
length. Also, SFAP waveshapes become slightly broader with increasing tip 
length which, as before, mainly affects the fine detail in the CAP. Hence 
one is inclined to conclude that, for near-nerve recording, electrodes with 
a tip length of less than 1 mm will give substantially better results than 
the more commonly used 3 mm tip length. However, the conclusions drawn 
until this point only concern the contribution of the nerve signals per 
se. In any practical recording situation one is faced with inherent 
electrode and amplifier noise. Thus, as far as signal amplitude concerns, 
it is not the absolute value, but rather the signal-to-noise ratio (SNR) 
which should be maximized in order to achieve maximal detectability of all 
signal characteristics. 
The SNR was determined using measured noise data. Noise levels 
recorded in saline (Fig. 7) gave more reproducible results than in situ 
measurements, since it was possible to apply electrolytic treatment in the 
same experimental set up immediately before the noise recordings were 
made. This was particularly important since it was found that noise levels 
may change drastically over time, when compared to measurements made 
directly after electrolytic treatment. Moreover, the actual electrolytic 
environment of all electrodes was equal in the saline solution, whereas in 
the in situ recordings this was a variable factor in view of the large 
differences in electrical conductivity between, e.g., muscle and 
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subcutaneous fatty tissue. For this reason we conclude that for the purpose 
of comparison of electrodes the noise measurements in saline give more 
reliable results. (As an aside it should be mentioned that an overall 
scaling in absolute noise level does not influence the location of the 
maximum in the SNR curve). It should be noticed in Fig. 7 that electrode 
noise dominates amplifier noise (0.25 μν). Therefore due attention should 
be paid to careful choice of electrode material, sterilization procedures 
and electrolytic treatment. From the results of Fig. В it is concluded that 
in near-nerve recording noise is a dominant factor for bare tip lengths of 
less than 1 mm. For tip lengths of 1-3 mm the signal-to-noise ratio is 
relatively constant while it decreases for larger tip lengths. For larger 
transverse electrode-to-nerve distances the optimal tip length is slightly 
larger, and the optima are increasingly flat. In these cases it should be 
stressed that the shortest tip within the flat SNR range is desirable in 
view of preservation of the details in the signal. 
It should perhaps be mentioned that the above results are mainly 
qualitative. The actual geometry of the electrode tip may have some 
influence upon the results. Especially the thickness at the tip is a more 
relevant parameter for smaller tip lengths due to tapering at the tip. This 
influences the actual lead-off area and hence the electrode noise, so that 
the exact location of the SNR maximum may be slightly displaced. A similar 
argument holds in cases where an amplifier with a somewhat higher noise 
level is used. As a general rule of thumb it can be stated that in 
near-nerve recording the tip length should be in the same range as the 
transverse electrode to nerve centre distance. Such a choice provides a 
fair compromise between loss of amplitude and frequency content for the 
larger, and increasing noise levels for the smaller tip lengths. The 
commonly used 3 mm tip thus appears to be a reasonable choice for standard 
clinical investigation, although this study indicates that a 1-2 mm tip 
length may prove to be slightly better. 
Finally, we discuss some practical aspects associated with the 
electrode lead-off area. In a clinical measurement the recording electrode 
is usually positioned by using it temporarily as a stimulation electrode 
and by manipulating it until a desired lower stimulation threshold is 
reached (Mamoli et al., 1980). When using an electrode with an extremely 
small lead-off area only very low stimulus currents can be applied in view 
of the risk of electrode damage. This may greatly complicate positioning, 
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especially when stimulation thresholds are increased due to a neuropathy. 
Furthermore, when manipulating until a very low stimulation threshold is 
reached, there is a serious risk of touching, penetrating or damaging the 
nerve. Apart from causing discomfort to the patient this can make the 
recordings difficult to interpret. According to our experience these risks 
are substantially larger when using electrodes with extremely small 
lead-off areas. A related point of discussion is stability, comparability 
and reproducibility of CAP recordings. CAP waveshape and amplitude 
variations are largest in the close proximity of the nerve. This means 
that, in a single measurement, a stable recording configuration is required 
in order to avoid CAP waveshape changes when averaging subsequent sweeps. 
Especially (involuntary) muscle contractions may seriously hamper this 
requirement. Therefore, reproducibility and comparability of different 
patients may become a delicate problem when using extremely near-nerve 
recording. We believe, however, that near-nerve recording offers distinct 
advantages for further quantitative analysis of compound action potentials, 
especially in severe pathology. Therefore, one should try to overcome these 
problems by a careful positioning of the electrodes (Mamoli et al., 1980). 
CHAPTER 5 
SENSORY POTENTIALS AS RELATED TO SURAL NERVE BIOPSY 
IN PERIPHERAL NEUROPATHY: A MODEL EVALUATION 
1. Introduction 
The assessment of pathological processes in polyneuropathy is commonly 
based on electrophysiological investigation of peripheral nerves in situ 
(Behse and Buchthal, 1978; Buchthal and Rosenfalck, 1966; Buchthal and 
Rosenfalck, 1971; Buchthal, 1973; Buchthal et al., 1984; Rosenfalck, 1978; 
Tackmann and Minkenberg, 1977) as well as on morphological examination of 
nerve biopsy (Behse and Buchthal, 1978; Dyck et al., 1984b; Thomas, 1970). 
Some authors (Behse and Buchthal, 1978; Tackmann et al., 1976) have 
investigated the relation between morphological and electrophysiological 
observations in the same nerve by comparing amplitude and latency of 
various components of the recorded compound action potential (CAP) with 
density and diameters of myelinated fibres. However, the adeguate 
interpretation of CAP amplitude and waveshape is cumbersome due to the 
complex summation of the different single fibre contributions to the 
signal. This aspect can be elucidated by using a theoretical model 
describing the genesis of the CAP signal (Chapter 2; Barker et al., 1979a; 
Buchthal and Rosenfalck, 1966; Dorfman et al., 1981; Dorfman, 1984; 
Rosenfalck and Ottosen, 1982; Stegeman et al., 1979; Stegeman and De Weerd, 
1982a). 
In this Chapter we describe how a theoretical model formulation of the 
compound action potential can be used to evaluate the relation between 
morphological and electrophysiological observations. We use a previously 
developed volume conductor model (Chapter 2; Stegeman et al., 1979; 
Stegeman and De Weerd, 1982a) to simulate CAPs which were recorded from the 
sural nerve in patients with different kinds of polyneuropathy, prior to 
biopsy of the nerve. 
In the model a number of anatomical and physiological parameters is 
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involved. Obviously the number of active fibres and the distribution of 
their propagation velocities are essential parameters, but also the 
characteristics of the volume conductor configuration around the nerve play 
a major role in the determination of CAP waveshape and amplitude (Chapter 
4; Stegeman et al., 1979; Stegeman and De Weerd, 19823^). For the model 
simulations in this Chapter we derive a number of the volume conductor 
parameters either from the biopsy findings or from previous studies in 
normal subjects (Stegeman and De Weerd, 1982a,b). Furthermore, some 
parameters are adapted until an optimal correspondence between the 
waveforms of the calculated and the recorded CAPs is achieved. 
We first simulate CAPs based directly on the diameter histogram as 
obtained from biopsy, by assuming a linear relation between fibre diameter 
and propagation velocity. This way the recorded CAPs are not reproduced to 
a satisfactory degree. Therefore, we then investigate which velocity 
distribution must be assumed to give optimal reconstructions of the 
recorded CAPs (cf. Stegeman and De Weerd, 1982a). The optimal propagation 
velocity distribution thus determined can be considered as a functional 
characterization of the fibre population. It can be combined with the 
diameter histogram to obtain an empirical estimate of the diameter-velocity 
relation. The latter reflects the functional manifestation of the 
pathological processes in the nerve. 
2. Materials and methods 
2.1 Electrophysiological and morphological data 
Neurological patients suffering from various kinds of polyneuropathy 
were selected for sural nerve biopsy for diagnostic purposes. Additionally, 
in 40 of these patients a few days before biopsy a standardized electro-
myographical (EMG) investigation was performed as well as a near-nerve 
needle recording of sensory potentials from the same sural nerve from which 
the biopsy was to be taken. For the latter part of the investigation, 
having a partly experimental character, the permission of the patients was 
obtained. 
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Figure 1 
Schematic overview of the configuration during recording of 
compound action potentials from the sural nerve. The biopsy 
was taken at the level of the proximal stimulation 
electrodes. 
2.1.1 General EMG investigation 
A general EMG investigation was performed according to a standardized 
protocol which included motor and sensory nerve conduction velocities, 
conventional needle EMG, H-reflexes and single-fibre EMG. 
2.1.2 CAP recording from sural nerve 
Unipolar recordings were made orthodromically at mid-calf level for 
two different stimulation sites at distances of approximately 6 cm and 
15 cm from the recording site (Fig. 1). The more distal stimulation site 
was chosen at least 3 cm proximally to the lateral malleolus, i.e., 
proximally to the region where the sural nerve usually splits up into 
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branches (Mamoli et al., 1980), in order to achieve that the same fibre 
population was stimulated for both CAPs. For stimulation and recording 
teflon coated stainless steel needle electrodes with a 3 mm bare tip (DISA 
13L64) were used. All electrodes were positioned under stimulus control 
until a minimal sensory threshold level was reached. This level was usually 
smaller than 1 mA at 0.05 ms duration (cf. Mamoli et al., 1980) of a 
rectangular current pulse (DISA 15E07 stimulator unit). Each pair of 
stimulation electrodes was placed at a small inter-electrode distance of 
1 cm to achieve a small spatial extension of the electric field generated 
by the stimulus. In this way stimulus artefacts and virtual cathode effects 
were reduced. The indifferent recording electrode was carefully positioned 
on the same equipotentia] line of the electric field generated by the 
stimulus as the one passing under the different recording electrode, in 
order to minimize stimulus artefacts (Fig. 1). The activation thresholds of 
stimulation and recording electrodes were determined before and after the 
measurement to check if the electrode positions had remained unchanged. In 
order to activate all myelinated fibres stimulation strengths were applied 
of at least 20 times sensory threshold. The recorded CAPs were amplified 
(DISA 15C02 sensory amplifier with filter settings 10 Hz - 8 kHz), AD 
converted at a rate of 25000 samples/sec with 10 bits resolution, averaged 
and stored on magnetic disk. Sweep length was 40 ms, including a 10 ms 
pre-stimulus interval. Usually averages of 512 sweeps were made. In cases 
of very small CAP amplitude up to 2048 sweeps were averaged. Each average 
was made up from two subsequent subaverages in order to judge the 
reproducibility of small signal components. Stimulation and recording were 
controlled with a DEC PDP 11/10 laboratory computer. 
In order to minimize discomfort to the patient local anaesthesia was 
applied to the sural nerve under stimulus control just below the popliteal 
fossa (Fig. 1). Prior to the investigation the limb was warmed up in a 
water bath at 40 0 C . During the investigation limb temperature was 
stabilized using a DISA 31B30/31B40 infrared heater, controlled by a 
temperature sensor applied to the skin. After each CAP recording skin 
temperature was measured at stimulation and recording sites. 
Prior to further analysis of the recorded CAPs remaining stimulus 
artefacts were removed by fitting one single first order exponential curve 
or a linear combination of two such curves to the signals and subtracting 
these from the data. 
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2.1.3 Nerve biopsy 
Whole mid-calf sural nerve biopsies of approximately 3 cm length were 
prepared for light and electron microscopic examination, including teased 
fibre studies, using standard techniques (Joosten et al., 1974; Thomas, 
1970). From approximately 10% of the total transverse fascicular area 
electron microscopic photographs were made (x1700), on which the number and 
external diameters of myelinated fibres were determined using a Zeiss TGZ3 
particle size analyzer. Fibre density and diameter histograms were 
determined both for the proximal and for the distal end of the dissected 
part of the nerve. The total number of fibres was estimated from the 
estimated fibre density and the measured total transverse fascicular area 
(TTFA). In cases of severe fibre loss (less than "-ήΟΟΟ fibres present) the 
number of fibres was counted from a light microscopic photograph (χ430). 
For the diameter histogram and for the number of fibres used in the present 
study the average was taken of the data from the proximal and distal end of 
the dissected part of the nerve. 
2.2 Model calculations 
The volume conductor model (Chapter 2; Stegeman and De Weerd, 
1982a,b), used for CAP simulation, describes the CAP as the linear 
superposition of the temporally dispersed, volume conducted single fibre 
action potentials (SFAPs). The SFAP waveshapes are calculated from the 
intracellular action potential using a realistic description of the 
geometry and the electrical properties of the surrounding tissues of the 
sural nerve at the recording site (Fig. 2). 
As in the previous Chapters all nerves are assumed to lie in a layer 
of subcutaneous tissue of d-) = 10 mm thickness (Fig. 2) at a depth of 
d2 = 8 mm below the skin surface. For the nerve diameter b an effective 
value is derived from the TTFA as found in the biopsy. The observation 
point (tip of the needle electrode) is assumed to lie at the same 8 mm 
depth d-} as the nerve. The transverse distance d^ of the electrode to 
the nerve axis is initially assumed to be 1 mm, and is occasionally adapted 
to obtain better simulation results. Simulations related to the same 
patient are always performed using one fixed value for the transverse 
distance. For the electrical conductivities of the various tissues values 
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Figure 2 
Schematized volume conductor configuration around the sural 
nerve as assumed in the model calculations. The single 
nerve fibres are assumed to be located at the centre of the 
electrically anisotropic nerve bundle, which is assumed to 
be a circular cylinder (region I). This is embedded in a 
layer of subcutaneous fatty tissues (region II), bounded by 
the skin surface on one side and by muscle tissue (region 
III) on the other. In the model the lead-off area of the 
electrode is assumed to be infinitesimally small (from 
Stegeman and De Weerd, 1982a). 
are assumed as validated by Stegeman and De Weerd (1982a) for the 
-1 -1 
simulation of normal CAPs (σ. = 0.5 (Qm) , a = 0.01 (ßm) , 
-1 1 -1 0'3 -1 
σ = 1.0 (Qm) , σ„ = 0.04 (Cm) , σ = 0.25 ( Qm) ). Since the variations 
oz r m 
in duration of the intracellular potential (Paintal, 1966) may be neglected 
for the calculation of extracellular SFAPs (Chapter 3), we assume the 
intracellular action potential to be identical for all fibres. Its duration 
is adapted to the temperature measured at the recording site (Paintal, 
1966; Stegeman and De Weerd, 1982b). The number of active fibres assumed in 
the model calculations is always taken to be equal to the total number of 
myelinated fibres found in the biopsy. 
The first application of the model in this Chapter is directly based 
on the diameter histogram. A linear relation between fibre diameter and 
propagation velocity is assumed to predict the arrival times of the SFAPs 
at the recording site. From the diameter histogram an underlying diameter 
distribution is estimated by smoothing it with a Gaussian weighting 
function with standard deviation 0.7 μπι (Parzen, 1962). The linear 
conversion factor to convert the diameter distribution to the propagation 
velocity distribution is adapted to give the correct latencies for the 
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Figure 3 
Example of a parameterized velocity distribution based on a 
pair of half-sided Gaussian functions, characterized by its 
mode (m), standard deviation to the left (оц), standard 
deviation to the right (σ
Γ
) and amplitude (a). Bimodal 
velocity distributions are generated as a superposition of 
two (or more) of such functions. 
calculated CAPs. A realistic fibre population containing the same number of 
fibres as found in the biopsy is generated by taking a random sample from 
the above calculated velocity distribution (Chapters 2, 3 and 6; Stegeman 
et al., 1979). 
In a second model application an optimal velocity distribution is 
estimated by using a parameterization with two or three pairs of one-sided 
Gaussian curves (Fig. 3). Again a random sample of appropriate size is 
generated to represent the actual fibre population. The parameters of the 
velocity distribution are adapted in a systematic way in order to obtain 
optimal correspondence between the waveshapes of recorded and simulated 
CAPs for the two propagation distances simultaneously, as observed by 
visual inspection of the waveforms. Duration and number of phases of the 
main complex, the presence of notches and the character and relative 
amplitude of late components are judged for the two CAPs simultaneously. In 
the optimization process we try to preserve the similarity between the 
shape of the velocity distribution and the global appearance of the 
diameter histogram as much as possible, including bi- or unimodality, and 
we try to keep the ratio of fast and slow fibre numbers equal to the ratio 
of large and small fibre numbers in the histogram. This way the 
nonlinearity introduced in the diameter-velocity relation is kept minimal. 
The mode and right slope of the fast fibre group are adapted to obtain the 
proper latencies and correct amplitude ratio of the two CAPs, while the 
left slope and the parameters of the slow fibre group are optimized to 
obtain the appropriate bi- or triphasic character of the CAPs' main 
complexes and a correct relative amplitude in the late components. 
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2.3 Patient description 
The simulations in this paper pertain to a selection of ten cases from 
our patient population. These cases represent a wide range of polyneuro-
pathies, associated with different deviations in the recorded CAPs and 
abnormalities in the biopsy. 
Case I 
A 43 year old man with remitting mononeuropathies, suspected of having 
a hereditary neuropathy with liability to pressure palsies (HNLPP) (Madrid 
and Bradley, 1975). EMG findings were compatible with a mild mononeuro-
pathia multiplex. Neither the recorded compound action potentials nor 
morphological examination of the nerve biopsy yielded significant 
indication of a neuropathy of the sural nerve. The data can be assumed to 
represent a normal sural nerve. 
Case II 
A 15 year old boy with an axonal polyneuropathy of unknown origin. EMG 
showed decreased nerve conduction velocities. Sural nerve CAPs were within 
normal range. Morphologically several fibres undergoing axonal degeneration 
were found, which had not led to significant fibre loss. 
Case III 
A 10 year old boy suffering from a benign, autosomal dominant 
polyneuropathy in which motor signs and symptoms predominated. EMG showed 
signs of a very mild polyneuropathy. Sural nerve CAPs were within normal 
range. In the nerve biopsy some recently demyelinated axons were found. 
Case IV 
A 42 year old woman with sensory disturbances predominantly in the 
hands. EMG and sural nerve CAPs were normal. In the biopsy a slightly 
decreased density of large myelinated fibres was found, and some 
regenerating cluster formation was present. The aetiology of this chronic 
axonal de- and regenerating process remained unknown. 
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Case V 
A 42 year old man with cerebrotendinous xanthomatosis with clinical 
signs of polyneuropathy including muscular atrophy of the lower legs. EMG 
examination indicated a mild chronic axonal polyneuropathy. The sural nerve 
CAPs showed reduced amplitudes and normal propagation velocity. Morpho-
logically a mild chronic axonal de- and regeneration was found, and some 
incidental signs of a chronic segmental de- and remyelination. 
Case VI 
A 64 year old woman suffering from a hereditary polyneuropathy. EMG 
showed a slightly slowed nerve conduction, and strongly decreased number of 
motor units in the soleus and peroneus muscle. Single fibre EMG showed 
increased muscle fibre density. Sural nerve CAP amplitudes were 
considerably reduced. In the nerve biopsy the large diameter fibres were 
reduced, the total number of fibres being normal due to the formation of 
regenerative clusters consisting of small axons. A HMSN type II polyneuro-
pathy (Dyck, 1984) was diagnosed. 
Case VII 
A 31 year old woman with polyneuropathy probably associated with 
vasculitis. Conventional and single fibre EMG indicated a severe axonal 
neuropathy with active denervation and increased muscle fibre density. CAP 
amplitudes were strongly reduced. In the nerve biopsy a highly active 
process of axonal degeneration was found almost without signs of 
regeneration. The process had resulted in a severe fibre loss over the 
entire diameter range. 
Case VIII 
A 54 year old woman with chronic relapsing polyneuropathy. EMG 
indicated severely slowed conduction with signs of muscular denervation 
and reinnervation including an increased muscle fibre density. The sural 
nerve CAPs were severely slowed and reduced in amplitude. In the nerve 
biopsy a process of chronic axonal de- and regeneration was prominent, and 
occasionally a demyelinated segment was seen. 
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Case IX 
A 45 year old man with an autosomal dominant polyneuropathy. EMG 
indicated a severe slowing of conduction with denervation in distal 
muscles. Sural nerve CAPs were slowed and had severely reduced amplitudes. 
In the nerve biopsy a process of chronic segmental de- and remyelination 
with slight onion bulb formation was found, appropriate to the diagnosis 
HMSN type I (Dyck, 1984). The extensive secondary fibre loss had resulted 
in a low nerve fibre density. 
Case X 
A 25 year old man, probably suffering from a hereditary neuropathy 
with liability to pressure palsies (HNLPP) (Madrid and Bradley, 1975). EMG 
showed moderate slowing of conduction. CAPs were severely slowed and 
reduced m amplitude. In the nerve biopsy characteristic tomacula were 
found, and loss of large myelinated fibres due to a process of axonal de-
and regeneration as well as segmental de- and remyelination. 
3. Results 
In Figs 4-13 we give the results for each of the ten selected 
patients. We present the recorded CAPs ((a) for the small and (b) for the 
large propagation distance), the fibre diameter histogram as obtained after 
biopsy (c), the simulated CAPs from the first model application based on 
the histogram by assuming a linear diameter-velocity relation ((d) and 
(e)), and the simulated CAPs after optimizing the parameterized velocity 
distribution ((g) and (h)). In ( f) we give the estimated optimal velocity 
distribution as a solid line and also, as a reference, the velocity 
distribution which was derived from the histogram by a linear conversion 
and used for simulations (d) and (e), as a dotted line. Finally, an 
empirical estimate of the diameter-velocity relationship was calculated 
from the smoothed fibre diameter histogram and the optimal velocity 
distribution (Stegeman and De Weerd, 1982a). These curves of four cases are 
given in Fig. 14. 
A survey of the values for the relevant parameters concerning CAP 
recording, biopsy findings, and model simulations is given in Table I. 
All velocity distributions in Figs 4-13 and the conversion factors in 
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Table I are associated with the same temperature of 35 0 C . These were 
obtained by applying a temperature correction with Q-JQ = 1.5 to the 
velocity distributions and conversion factors related to the actual 
temperature during CAP recording (Table I). 
4. Discussion 
We have applied a theoretical model, based on realistic physiological 
conditions, to the interpretation of compound action potentials of the 
sural nerve in close relation with morphological findings in the biopsy of 
the nerve. 
We concentrated upon simultaneous model simulation of CAPs recorded at 
two different propagation distances, since it was demonstrated that the use 
of two CAPs rather than one gives considerable additional information in 
model-based CAP analysis (Dorfman et al., 1981; Stegeman and De Weerd, 
1982a). We decided to use one fixed recording site and two different 
stimulation sites in order to keep the volume conductor characteristics 
identical for the two recorded signals, a crucial aspect of our approach. 
In the first model application we used the fibre diameter histograms 
and assumed a linear conversion from diameter to propagation velocity 
(Figs 4-13 (d) and (e)). 
Explanation to Figures 4-13 
Recorded sural nerve compound action potentials (CAPs), fibre diameter 
histograms and model simulation results. The volume conductor model is 
applied in a 'forward' fashion to simulate CAPs once the diameter histogram 
of the nerve is given. The simulated CAPs are compared with the CAPs as 
actually recorded before the biopsy was taken. 
(a,b) CAPs recorded at small and large propagation distance as indicated, 
(c) diameter histogram of myelinated fibres obtained after biopsy with N 
the total number of fibres, 
(d,e) CAPs simulated by using fibre diameter histogram (c) and assuming a 
linear diameter-velocity relation, 
(f) velocity distribution with optimized parameterization (Fig. 3) used for 
the simulations in (g,h) (solid line) and, for comparison, the velocity 
distribution calculated directly from the histogram and used in (d,e) 
(dotted line), both after temperature correction to 35 0 C , 
(g,h) CAPs simulated by using the optimized velocity distribution (f). 
Note the different time scales and amplitude calibrations. The arrows 
indicate the moment of stimulation. The bar at the top of (a) and (b) 
indicates the propagation velocities of the fibres contributing to the CAP 
at the associated time instants. 
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y of relevant parameters of CAP recording, biopsy data and model simulations. 
: small propagation distance (cm), 
: number of sweeps averaged for l-) , 
: large propagation distance (cm), 
: number of sweeps averaged at I2, 
: skin temperature during recording ( 0C), 
: density of myelinated fibres in transverse section of biopsy (mm _2) ) 
: effective nerve bundle radius (mm) used in simulations (estimated from total transverse 
fascicular area (TTFA)), 
: number of myelinated fibers used in simulations, * estimated from df and TTFA, § counted, 
: conversion factor between fiber diameter and propagation velocity (m/s per μη) used in fir 
model application (after temperature correction to 35 0 C ) , 
: transverse electrode to nerve centre distance (mm) assumed in model simulations, 
: ratio of peak-to-peak amplitudes of the two recorded CAPs, 
: ratio of peak-to-peak amplitudes of the two simulated CAPs resulting from the first model 
application, 
: ratio of peak-to-peak amplitudes of the two simulated CAPs resulting from the second model 
application. 
Figure 4 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case I. 
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о 
Figure 5 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case II. 
60 JO ?0 
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Figure 6 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case III. 
Figure 7 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case IV. 
TD 
о 
rl-
CD 
m 
Q. 
О 
Χ) 
IO 
·< 
I 
CD 
1.60cm 
iL. ÍLm. N " 6000 
4 ms 
Figure θ 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case V. 
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Figure 9 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case VI. 
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Figure 10 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case VII. 
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Recorded CAPs, fibre diameter histogram and model 
simulation results for case VIII. 
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Figure 12 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case IX. 
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Figure 13 
Recorded CAPs, fibre diameter histogram and model 
simulation results for case X. 
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A large range of optimal values of the conversion factor can be observed 
(Table I). It appears that the recorded CAPs are not automatically 
reproduced by the model simulations. Although a reasonable correspondence 
in waveshape is found in some cases, in particular those with polyphasic 
potentials (cases VII, IX), in the other cases at least one or even both 
calculated CAPs show considerable discrepancies with the recorded CAPs. The 
differences mainly concern the duration and the number of phases of the 
main complex (cases I-VI, X), and the relative amplitude of fast and slow 
fibre contributions (cases I,III-VI). Also an incorrect relative amplitude 
ratio of the two CAPs is observed in many cases (Table I). Similar effects 
were previously found in the reconstruction of normal CAPs (Stegeman and De 
Weerd, 1982a) and then proved to be indicative of the existence of a small 
but essential nonlineanty in the diameter-velocity relation. 
In a second application of the model we therefore investigated whether 
better CAP reconstructions can be obtained when the assumption of a linear 
diameter-velocity relation is left. We used a parameterization of the 
underlying fibre velocity distribution and tried to obtain optimal 
simulations with the introduction of only a minimal nonlineanty in the 
diameter-velocity relation. A quite satisfying correspondence between 
recorded and simulated CAP waveshapes could be obtained in all cases by 
properly adapting the parameters of the fibre distribution. Most of the 
discrepancies between calculated and recorded CAPs, concerning the duration 
and the number of phases of the main complex, the relative amplitude of 
fast and slow fibre contributions and the relative amplitude ratio of the 
two CAPs, could be eliminated (Figs 4-13 (g,h) vs (d,e) vs (a,b)). When 
comparing the results of the first and the second model application, we see 
that relatively small changes in the assumed velocity distribution (Figs 
4-13 (f)) can lead to a considerable improvement in the calculated CAP 
waveshapes (Figs 4-13 (d,e) vs (g,h)). This indicates that the predicted 
CAP waveshape is highly sensitive to slight deviations from linearity in 
the diameter-velocity relation (cf. Fig. 14). 
The correspondence between simulated and recorded CAPs was assessed 
visually. A formal criterion was not used. This was decided, since it was 
demonstrated that CAP waveshapes associated with different finite fibre 
populations, which are generated from the same underlying velocity 
distribution (and, as a consequence, are statistically equivalent), can 
show a considerable variability (Chapter 3). For that reason a criterion 
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for the correspondence between recorded and simulated CAPs can, in oure 
present approach, only be defined in terms of the statistical equivalence 
of the underlying fibre distributions. In those cases where CAP appearance 
dad strongly vary with different fibre samples from the same distribution, 
a 'good' example was selected for presentation in Figs 4-13 (cases V-IX). 
As a next step the method for estimation of the propagation velocity 
distribution used in this Chapter should be replaced by a more formally 
based approach (see Chapters 6 and 7). 
The frequency content of simulated CAPs is mainly determined by the 
assumed volume conductor configuration (Chapter 4). The most relevant model 
parameters for this aspect are the transverse electrode-to-nerve distance, 
the nerve bundle radius and the electrical amsotropy ratio of the nerve 
bundle (Stegeman et al., 1979). The latter parameter could take a value 
different from normal in a neuropathy with modified density of myelinated 
fibres or with structural changes in the perineurium. Generally it cannot 
be decided to which of the aforementioned parameters an improper frequency 
content of a simulated signal is to be attributed. In this study we decided 
to adapt the electrode-to-nerve distance to obtain the correct frequency 
character of the simulated CAP waveshapes. One of the other parameters 
could, m principle, be further adapted if a minimal electrode-to-nerve 
distance does not give a completely satisfactory result (e.g. in cases 
VI,VII,IX). 
The model predicts the absolute amplitudes of the simulated CAPs in 
microvolts (Stegeman et al., 1979; Stegeman and De Weerd, 1982a). The 
predicted CAP amplitude depends strongly on the assumed electrode-to-nerve 
distance (cf. Chapter 4) and on the other model parameters which also 
determine the frequency content. Hence, interpretation of absolute CAP 
amplitudes necessarily interferes with the reproduction of the proper CAP 
frequency character as discussed above. From consideration of the range of 
the electrode-to-nerve distance within which the frequency character is 
reproduced to a satisfactory degree we conclude that there is an 
incertainty of about 25% in the absolute amplitude values as given in 
Figs 4-13. We therefore conclude that the model predicts quite realistic 
amplitude values, with on the average a slight tendency of overestimation. 
The latter can be ascribed to improper values of some of the electrical 
conductivity parameters in the model, e.g., the intracellular conductivity 
(Stegeman and De Weerd, 19B2a). The absolute amplitudes, predicted by the 
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Figure 14 
6 θ 10 12 14 
d (jUm) 
Illustrative examples of diameter-velocity relations as 
estimated from the fibre diameter distribution obtained 
from biopsy (Figs 4-13 (c)) and the optimal velocity 
distribution derived from the model simulations 
(Figs 4-13 (f) solid curve). 
(a) case I, (b) case III, (e) case VII, (d) case IX. 
model, will return as an important issue in Chapter 7, which deals with the 
determination of the number of active fibres and their propagation velocity 
distribution from recorded CAPs. 
The relative amplitude ratio of a pair of simulated CAPs should always 
correspond with the recorded value (cf. Table I). In those cases where this 
ratio was incorrect in the first model simulations a considerable 
improvement could often be obtained in the final simulations (cases I-III, 
V). Remaining discrepancies in this aspect (cases VIII-X) can partly be due 
to the statistical effects associated with highly polyphasic potentials 
(Chapter 3). They can also be an indication of the fact that the two CAPs 
are associated with different populations of active fibres, e.g., due to 
branching of the nerve or to pathological processes which are more 
prominent in the distal region of the nerve. 
It appears from our results that in the model simulations the relative 
amplitude of the slow fibre contributions is sometimes slightly over­
estimated (cases II-V,VIII). We tried to reduce this effect by ascribing a 
slightly smaller conversion factor to the small than to the large fibres 
(Figs 4-13 (f)) (cf. Boyd and Davey, 1968; Olson, 1973), thus increasing 
the temporal dispersion of the slow fibre SFAPs (cf. Stegeman and De Weerd, 
1982a). If we assume that the model is correctly predicting the amplitudes 
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of the slow fibre potentials, the observation may also be explained by 
assuming that not all small fibres, which are anatomically present, have 
actually contributed to the CAP. This may be due to the higher stimulation 
thresholds of the small fibres, or to the fact that some small fibres are 
not capable of conducting action potentials, as for example in clusters of 
small regenerating fibres. 
We combined the optimal fibre velocity distributions assumed in the 
model simulations with the fibre diameter histograms (Fig. 14) to obtain an 
empirical estimate of the diameter-velocity relation (Stegeman and De 
Weerd, 1982a). This relation can be considered as a generalization of the 
conversion factor, now established in a statistical fashion for the whole 
fibre population rather than for individual fibres. Note that for this 
analysis to be valid an essential condition is that all fibres found in the 
biopsy have also been functionally present. 
Fig. 14 demonstrates that distinct differences exist between some of 
the cases. A curve with a small slope (curve d, case IX) must be considered 
indicative of a process of segmental de- and remyelination, which obviously 
causes the average propagation velocity to be lower than expected from the 
observed external fibre diameter of a normal segment. We observed that the 
saturation in the diameter-velocity relation for the large fibres seen in 
Fig. 14 (curves a, b and d) is representative for most cases. This 
phenomenon is consistent with previous findings in normal sural nerve 
(Stegeman and Oe Weerd, 1982a), and was also indicated by Casser and 
Grundfest (1939) and Olson (1973) in their CAP reconstructions in excised 
nerves. The small fibre part of the curves does not allow definite 
conclusions, mainly since with the present method the slow fibre part of 
the velocity distribution could only roughly be estimated in view of the 
relatively small sensitivity of the CAP's late components to changes in the 
assumed distribution. With respect to the curves in Fig. 14 and the 
differences in simulated CAPs (Figs 4-13 (d,e) vs (g,h)) we emphasize once 
more the sensitivity of the CAP's main complex to minor nonlinearities in 
the diameter-velocity relation. 
We conclude from our results that the model can be used as a tool for 
detailed interpretation of compound action potentials in cases of 
peripheral nerve dysfunctioning. The model proved to be capable of 
reconstructing CAPs recorded over a large variety of pathological 
conditions. The model parameters required for a good correspondence between 
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simulated and recorded CAPs can contribute to an increased insight into the 
functional manifestations of the pathological process. By using the model a 
more detailed study of the relationship between electrophysiological and 
morphological changes in neuropathy becomes feasible. 

CHAPTER 6 
THE INVERSE PROBLEM IN ELECTRONEUROGRAPHY: ESTIMATING THE FIBRE PROPAGATION 
VELOCITY DISTRIBUTION USING A VOLUME CONDUCTOR MODEL 
1. Introduction 
In this Chapter we present an 'inverse' model application for the 
analysis of nerve compound action potentials (CAPs). It is a mathematical 
procedure for estimating the propagation velocity distribution of the 
myelinated fibre population in a sensory nerve from one or two recorded 
CAPs. The problem to be solved in such a procedure is to separate the 
recorded compound potential into the waveforms of its constituting 
elements, the single fibre action potentials (SFAPs), and the distribution 
of the arrival times of the SFAPs at the recording electrode. Various such 
methods have been presented in recent years (Barker et al., 1979b; Kovacs 
et al., 1979; Cummins et al., 1979a,b; Caddy et al., 1981; Dorfman et al., 
1981; Hirose et al., 1983; Dorfman, 1984) pertaining to the fast fibre 
group, which is associated with the main complex of the CAP. The estimation 
of slow fibre contributions was not elaborated on thus far. In the 
procedure we present here the group of slow fibres is included. 
In most of the above methods the estimated velocity distribution is 
based on SFAP waveforms which are estimated from the electrophysiological 
data as well. In contrast, in our method an a prion description of the 
SFAPs is required. We derive this from the volume conductor model 
(Chapter 2), which describes the SFAP waveshapes in terms of the relevant 
physiological and anatomical properties of the single fibres and the volume 
conductor. 
The estimation procedure we have developed consists of two parts. The 
first part, applying to the main complex of the CAP, is based on 
reconstruction of the recorded CAP waveform by the model. The model is 
written in a matrix formalism describing the generation of the CAP from the 
different fibre contributions. Least-squares optimization techniques are 
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used to obtain the estimate of the fibre distribution. The second part of 
the procedure applies to the late components of the CAP. It is derived from 
a mathematical analysis of the statistical properties of the fibre 
population. This part of the method is not based on exact reconstruction of 
each individual component, but rather on the analysis of the time-varying 
variance in the CAP signal in combination with the velocity dependent 
characteristics of the SFAPs as predicted by the model. 
We shall first give the theoretical formulation of the estimation 
procedure. We then give an illustrative evaluation of the procedure by 
applying it to simulated CAPs. We also consider the sensitivity of the 
results to various possible error sources. The application of the 
estimation procedure to electrophysiological data obtained from a group of 
normal subjects and from patients with peripheral neuropathy is the subject 
of Chapter 7. 
2. Theory 
2.1 The linear CAP model 
The compound action potential can be described as the linear 
superposition of the single fibre action potentials (SFAPs), dispersed in 
time, as (Cummins et al., 1979a,b; Stegeman et al., 1979; Chapter 2) 
N
 i y(t;jl) = Σ φ (t - i - ; ν ) , (1) 
J=1 J J 
where 
y(t;Jl) : the CAP as a function of time, 
φ (t;v) : the SFAP associated with a fibre with propagation 
velocity v, 
i. : the propagation distance, 
N : the number of active fibres. 
Functionally the fibres are characterized by their propagation velocities. 
By introducing the function g(v), with g(v)dv representing the number of 
fibres with velocity in the interval (v,v+dv) we can write 
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y(t;A) = ƒ g(v) ф
е
(1 - ^ ; v)dv . (2) 
о 
The function g(v) is non-zero for a limited physiological velocity range 
only. 
In a practical situation the CAP is recorded as a function of time, 
and its components are characterized by their delays 
-=V (3) 
with respect to the moment of stimulation. Eq. (2) is then replaced by 
да 
y(t;X) = ƒ а(т;А) φ (t-τ ; -£) du , (4) 
о 
in which a(t;Jl), defined similarly to g(v), represents the distribution of 
the time delays at propagation distance A. It is commonly referred to as 
the arrival time distribution. It is related to the propagation velocity 
distribution g(v) through 
a(t;A) =Kg{j). (5) 
t 
Eq. (4) provides the basis for the estimation problem. The function 
y(t;A) can be measured, and φ (tj-r) will be derived from the volume 
conductor model. The estimation of a(t;A) can be performed, e.g., by using 
least-squares optimization techniques for the reconstruction of the 
recorded CAP with the model. We will indeed use this approach for the 
estimation of a(t). We will demonstrate that such a procedure leads to the 
correct result for the main complex of the CAP. However, it leads to 
incorrect estimates for the late components, a phenomenon which can be 
understood from a statistical analysis of arrival time distribution and 
CAP. A different technique is required for that part of the signal. 
2.2 Statistical interpretation of arrival times. 
Before proceeding with the actual estimation problem we will first 
elaborate on an analysis of the statistical nature of the arrival time 
distribution a(t). We will omit the parameter I from a(t;Ji.). 
Stegeman et al. (1979) demonstrated that the arrival times of the N 
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active fibres at the recording electrode can be conceived of as a random 
sample of size N taken from an underlying probability density function of 
arrival times, denoted by f (t). Hence, for an observer at the 
recording electrode the occurrences of SFAP arrivals form a set of events 
distributed randomly in time. This set of point occurrences can be 
conceived of as a single realization a(t) of a non-stationary Poisson point 
process M t ) (Papoulis, 1965; Stegeman et al., 1979) with intensity 
\(t) = m (t) = E[A(t)] = Nf (t) (6) 
a
 L
— •' a 
and variance 
σ
 2(t) = E[(A(t) - m (t))2] = Nf (t) . (7) 
a — a a 
Because the conduction time in each individual fibre is assumed not to vary 
with time, the character of the single realization is preserved when 
recording the CAP as an average of subsequent sweeps. It will be clear 
that, although a(t) represents the actual arrival times, to solve the 
estimation problem it is sufficient to obtain an estimate of the expected 
value or intensity X(t). The exact sample distribution a(t) reflects the 
statistical variability within the single realization with respect to the 
underlying intensity \(t). 
2.3 Statistical interpretation of CAP 
The CAP y(t) as given in Eq. (4) can be interpreted as the output of a 
linear time-varying system S with impulse response 
h(t;t) = Φ
β
(ΐφ (θ) 
upon input a(t). Hence the CAP can be considered as a single realization 
y(t) of a filtered non-stationary Poisson process _Y(t) (Papoulis, 1965). 
The first and second order statistics of the output process Yjt) of the 
system S are given by 
Ш 
m (t) = E[Y(t)] = ƒ Nf (τ) φ (t-tj^dx (9) 
У α 6 Τ 
s _ œ 
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and 
co 
o
2(t) = E[(Y(t)-m (t))2] = ƒ Nf (τ) φ 2(t-T;^)dT . (10) 
y L — y J J a e ч τ' 
A brief derivation of these expressions is given in the Appendix to this 
Chapter. 
We give an illustrative example to elucidate the above concepts in 
Fig. 1. In Fig. 1a we show a simulated arrival time distribution a(t), 
representing a typical population of 5000 fibres with velocity distribution 
as can be expected in a normal nerve. In Fig. 1b the intensity of the point 
process \ { t ) = Nf (t) is shown. The distribution in Fig. 1a was in fact 
taken as a random sample of size 5000 from the probability density function 
f (t). In Fig. 1c we give the difference between a(t) and its expectation 
Nf (t) (Eq. 6), denoted as Δ (t). Notice that Δ (t) has zero mean and 
a a a 
variance equal to the variance of a(t). 
For each representation in the arrival time domain we also show the 
corresponding compound action potential, as predicted by the volume 
conductor model (Chapter 2) for a near-nerve recording situation. 
Notice that the CAP given in Fig. le, based on Nf (t), is the 
expected signal from Eq. (9). The variance of the signal in Fig. If, based 
2 
on Δ (t), is associated with σ (t) given by Eq. (10). The actual CAP 
(Fig. Id, Eq. (4)) can be written as the sum of the waveshapes of Figs le 
and 1f 
y ( t ; a ( t ) ) = y ( t ; N f a ( t ) ) + y ( t ; A ( t ) ) . (11) 
Two important c o n c l u s i o n s can be drawn from F i g . 1 : 
1) f o r the l a r g e main complex of the CAP ( r e g i o n I i n F i g . 1) 
y ( t ; a ( t ) ) = y ( t ; N f a ( t ) ) , (12) 
2) for the small late components in the tail of the arrival time 
distribution (region II in Fig. 1) 
y(t;a(t)) = y(t;A (t)). (13) 
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Figure 1 
Illustration of the statistical nature of the arrival time 
distribution and the compound action potential. A normal 
fibre velocity distribution with N=5000 active fibres is 
assumed, and a propagation distance of X = 15 cm. 
(a) arrival time distribution a(t), presented with a time 
resolution of 0.04 ms. 
(b) intensity X(t) = Nf
a
(t) of the arrival time point 
process, 
(c) Aa(t), the difference of a(t) and Nf
a
(t). 
In (d), (e) and (f) the CAPs are given, corresponding to 
the arrival time representations in (a), (b) and (c) 
respectively. 
Region I corresponds to the main complex of the CAP, region 
II to the late components. In this and subsequent Figures 
the arrows indicate the moment of stimulation. The bar at 
the top indicates the propagation velocities of the fibres 
contributing to the CAP at the associated time instants. 
Inverse problem in electroneurography - 97 -
Clearly, the information contained in the CAP in region II is associated 
with Δ (t) rather than with a(t), and is thus related to the variance of 
a 
the point process rather than to its mean or intensity. 
Eqs (12) and (13) can be understood intuitively by realizing that the 
SFAP φ (t;—) integrates to zero over its duration 6, typically 2 ms for a 
near-nerve recording (Chapter 2). If Nf (t) varies slowly within a time 
interval 6, which is the case in region II, the resulting y(t;Nf (t)) is 
approximately zero, leading to Eq. (13). In the main complex (region I) 
Nf (t) varies rapidly within 6, which apparently leads to a dominance 
of y(t;Nf (t)) over y(t;A (t)) (Eq. 12). 
Both from model calculations and from experimental data (Chapters 5 
and 7) it appears that in near-nerve recordings a clear distinction between 
regions I and II can be made for X > 12 cm. 
2.4 Consequences for the estimation problem 
Eqs (4) and (10) and the above statistical interpretations will be 
utilized in order to formulate a procedure for estimating a(t) or \(t). 
Different formalisms will be developed for regions I and II as defined in 
Fig. 1. 
For the main complex an exact reconstruction of the recorded CAP can 
be accomplished by optimizing a(t) in Eq. (4) within the restricted time 
window denoted as region I (Fig. 1). The result of such a procedure leads 
to the desired result for a(t) close to Nf (t) = \ ( t ) (Eq. (12)). 
a 
For the late components (region II, Fig. 1) an estimation procedure 
based on exact reconstruction of the recorded CAP will tend to the 
estimation of Δ (t), with a freedom of superposition of any slowly varying 
function, rather than to a(t) (Eq. (13)). Such a procedure evidently leads 
to erroneous results. Therefore a different approach is required. We have 
decided to employ Eq. (10) to obtain an estimate of λ(0 = Nf (t) for 
region II. So this part of the estimation procedure is based on the 
interpretation of the variance in the CAP signal rather than on exact 
reconstruction of the individual components. 
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2.5 Estimation of a(t) based on the main complex of one or two CAPs 
Eq. (4) can be expressed in a discretized form as 
y = Φ a , (U) 
where 
y is a vector with elements 
yi = yttjl), (15a) 
Φ is a matrix with elements 
• u ^ e i V V T j ) · ( 1 5 b ) 
and a is a vector with elements 
a = а(т ;А). (15c) 
Notice that by definition 
а(т ;i) > Q. (16) 
Eq. (14) is used to obtain an estimate of the fibre distribution a , 
as far as related to the CAP's main complex (region I, Fig. 1). The 
estimation is based on reconstruction of the CAP's main complex. A least-
squares estimate for a is calculated from Eq. (14), in combination with the 
non-negativity constraint of Eq. (16). This procedure will further be 
indicated as the single CAP estimation formalism. An example of the SFAP 
matrix Φ is given in Fig. 2. 
Estimation of the fibre distribution on two (or more) CAPs (cf. Barker 
et al., 1979b; Cummins et al., 1979b; Caddy et al., 19Θ1; Hirose et al., 
1983) can easily be incorporated in the formalism of Eq. (14). Consider two 
CAPs, recorded at two propagation distances i . < SL·. These can be 
described by (Eq. (14)) 
У, = »о
 a
, (17a) 
x1 1 1 
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S-
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Figure 2 
Graphical representation of the SFAP-matnx Φ from 
Eqs (14,15b). The columns of the matrix contain the SFAPs, 
represented at their proper arrival time, the upper row of 
the matrix corresponding to t = 0, the moment of 
stimulation. 
and y ^ = Ф^ а^. (17b) 
The arrival time distribution at the smaller propagation distance L· 
can be derived from that at the larger distance JL· by 
A A 
(18) 
In discretized form this transformation can be expressed as a linear 
contraction operator which we will denote by D (cf. Cummins et al., 1979b) 
D a 
4 
(19) 
For example, i f JL/A. = 2 . 5 t h e m a t r i x D takes t h e form 
1 
0 
0 
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A f t e r s u b s t i t u t i o n o f Eq. (19) i n Eq. (17) we can w r i t e 
y = ¥ a 
'V (20) 
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where 
(21) 
and 
*1 
( · , ) 
λ2 
(22) 
The estimation problem to obtain a¿„ from Eq. (20) (the double CAP 
formalism) can be solved in a similar way as the estimation of a from 
Eq. ( U ) . 
2.6 Estimation of \(t) - Nf (t) over the slow fibre range based on a 
single CAP at large propagation distance 
In order to formulate an estimation procedure for the slow fibre 
contributions we apply the previous interpretation of the statistics of 
arrival time distribution and CAP. The estimation formalism is based on 
interpretation of the variance in the CAP, as reflected by Eq. (10). 
In discretized form Eq. (10) reads 
s = Q λ , (23) 
where 
s is a vector with elements 
Sl = Oy 2^!'*)· ( 2 4 a ) 
Q is a matrix with elements 
0
υ = »е
2( 7;) = ф и 2 ' (24b) 
and λ is a vector with elements 
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λ = Nf ίτ ) = λίτ ì. (24c) 
J a1· j ; ^ j ; 
A least-squares estimate of λ can be obtained from Eq. (23), again in 
combination with the non-negativity constraint on λ (Eq. (16)). 
To this end the variance of the filtered point process, 
2 
σ (t;.0, must be estimated from the single realization available, 
У 0 
y(t;A). The observation that Nf (τ) and φ (t;— ) vary slowly as a function 
of arrival time τ in region II implies that σ (t) varies slowly as well 
(cf. Fig. 1d,f). Therefore we apply a local time averaging of y (t), 
rather than the theoretically required ensemble averaging, to obtain an 
2 2 
estimate of σ (t). The statistical uncertainty in the estimate of σ (t) 
thus obtained can be calculated, with incorporation of an estimate of the 
autocorrelation of y(t) (Bendat and Piersol, 1966). 
The estimation of λ from the matrix formalism of Eq. (23) could, in 
principle, be extended to two CAPs in a similar way as in Sect. 2.5. 
However, at small propagation distances (~ 6 cm, Chapter 5) a clear 
distinction between two regions I and II cannot be made. Therefore we 
decide to restrict this part of the estimation method to a single CAP at 
a larger propagation distance JL· > 12 cm. 
Since \(t) is a slowly varying function in region II, it can also be 
calculated in a direct way. From Eq. (10) we get 
a
2(t) -Nf (t) ƒ
 $ e
2 ( t - ^ ) d x , (25) 
so that 
α
 2(t) 
\(t) = Nf (t) = г . (26) 
a ƒ φ 2(t-T;-)ck 
The function appearing in the denominator in Eq. (26) describes the SFAP 
power decline as a function of arrival time. The power decline of the CAP 
2 
a (t) is weighted with it, with as a result the intensity X(t) of 
the point process. 
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3. Methods 
3.1 A model for the SFAPs 
Throughout Sections 2.1-2.6 the choice of the description of the SFAP 
waveshapes has remained open. The reliability of the results of the 
estimation procedure when applied to experimental data is expected to be 
maximal when a SFAP model is used which has an adequate physical basis. For 
the calculation of <t>e in the SFAP matrices (Eqs ( U ) , (20), (23)) and 
in the SFAP power decline (Eq. (26)) we therefore employ the volume 
conductor model as described in Chapter 2, and used before in Chapters 4 
and 5. 
3.2 Computational aspects 
We have developed a versatile software package to deal with the 
various aspects of the estimation problem. The program is written in 
Fortran and runs on a VAX 11/780 computer. In the estimation software 
package two main subdivisions can be distinguiahed. 
The first part is based on an iterative parameter optimization 
procedure, using a quasi-Newton search algorithm (Gill and Murray, 1972j 
Gill and Murray, 1976; Gill et al., 1981). This can be used to optimize 
simultaneously an arbitrary subset of the relevant parameters of the 
forward model, including the volume conductor characteristics, the 
propagation distance, the parameterized velocity distributions (Chapter 5) 
and the number of fibres. The parameter estimation can be performed based 
on a single CAP, or based simultaneously on up to four CAPs recorded from 
the same nerve, e.g., at different propagation distances. As the 
optimization criterion we use the squared difference between recorded and 
calculated CAPs integrated over selected time intervals. 
The second part of the program is used to solve the arrival time 
distribution from the matrix formalisms Eqs (14), (20) and (23). The least-
squares solution for a or Ä. from the matrix formalism, incorporating the 
non-negativity constraint, is calculated with the Non-Negative Least-
Squares estimation routine (NNLS) described by Lawson and Hanson (1974). 
The matrices Φ , Τ and Q are built up (cf. Fig. 2) by calculating the 
SFAPs with the volume conductor model. In the model both arrival time 
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distribution and CAP cover a time span of 20.48 ms (512 data points at 
0.04 ms interval). Therefore the matrices Φ and Q are of dimensions 
512 χ 512, and the matrix Τ has the dimensions 512 χ 512 (1 + ly/l ). We 
have implemented the possibility to select specified time intervals over 
which the estimation is to be performed, both in the CAP and in the arrival 
time domain. In that case the matrix dimensions are reduced proportionally. 
The matrix formalism is used to derive the arrival time distribution 
of the main complex (region I) from Eqs (14) and (20). 
For the calculation of \(t) over the late components (region II) we 
generally use Eq. (26) rather than calculation of the least-squares 
estimate of λ from Eq. (23). 
3.3 Region selection and data pre-processing 
In a practical situation the definition of the regions I and II 
(Fig. 1) is not self-evident. We take region I as extending to the slowest 
visible contribution, at normal amplification, in the main complex of the 
CAP at the small propagation distance I* (Fig. 3). In a normal CAP this 
appears to be at a velocity v. of about 25-30 m/s. The corresponding 
time window for the CAP at the large distance JL· is then calculated by 
using the ratio i./A.. Region II is defined to be the part of the 
CAP at the large distance Л„ where the CAP associated with the under­
lying intensity of the point process has a negligible amplitude (Fig. le). 
We take the start of this region at the velocity v., corresponding to 
the time instant beyond which the baseline of this CAP does not differ 
significantly from zero (Fig. 3). In a normal CAP this is at a velocity 
v9 of about 35 m/s. Thus, an overlap of the two regions is obtained, in 
which, theoretically, both estimation methods should give consistent 
results. The overlap will be included in the presentation of the arrival 
time distribution estimates. 
For the determination of CAP variance, precautions must be taken to 
remove from the signal a possible contribution from the tail of the main 
complex, inducing a non-zero mean in the first part of region II. This can 
be done in different ways (cf. Chapter 7). In the present Chapter it is 
done by fitting a smooth CAP (Fig. le) to the main complex (region I) of 
the recorded CAP and subtracting this from the data. A smooth distribution 
of velocities, obtained by using the parameterization as described in 
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Figure 3 
Empirical definition of regions I and II as defined for the 
CAP at large propagation distance (b) (cf. Fig. 1). 
The end of region I is derived from velocity ν·], 
corresponding to the end of the main complex of the CAP at 
the small propagation distance (a). The beginning of 
region II is taken at V2 corresponding to the time 
instant in the CAP at large propagation distance (b), 
beyond which the baseline of the CAP does not differ 
significantly from zero. 
Chapter 5 is used for this purpose. Finally, the time-varying CAP variance 
2 
σ (t) is estimated from the squared CAP signal by smoothing it with a 
rectangular window (duration 40 datapoints at 0.04 ms sample interval), 
thus replacing the theoretically required ensemble averaging by time 
averaging. 
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¿t. Results 
4.1 Estimation from simulated data 
In this Section we demonstrate various aspects of the estimation 
procedure using simulated CAP data. 
Two test sets were generated with the volume conductor model 
(Chapter 2). The values of the conductivity parameters were taken from 
Stegeman and De Weerd (1982a) (cf. Chapter 5). For the geometry of the 
volume conductor we assumed a nerve bundle of 1 mm diameter, lying at a 
depth of 8 mm below the skin surface in a layer of subcutaneous fatty 
tissue of 10 mm thickness (cf. Chapters 4 and 5). The tip of the recording 
electrode was assumed to be placed at the same depth as the nerve, at a 1 
mm transverse distance to the nerve axis. 
A normal propagation velocity distribution with N = 10000 active 
fibres was simulated to obtain arrival time distributions at propagation 
distances of JL = 6 cm and JL· = 15 cm. CAPs associated with this fibre 
population were calculated for a near-nerve recording position (transverse 
distance of electrode to nerve axis 1 mm (Chapters 4 and 5)). These data 
are given in Fig. 4. Throughout this and forthcoming Figures only the 
arrival time distribution at the large propagation distance JL, taking 
the central place in the estimation method, is plotted. 
Similarly, fibre distributions and the associated CAPs were generated 
for a pathological fibre distribution with considerable loss of myelinated 
fibres, predominantly in the fast fibre range (N = 3500; Fig. 5). 
The estimation technique as described in the previous Sections was 
applied to the simulated CAPs. In Figs 6 and 7 we give the estimated 
arrival time distributions, as a superposition of the results relating to 
regions I and II (cf. Fig. 3), and propagation velocity histograms. In the 
velocity histograms the results corresponding to region I are only given 
for the part of the velocity range which does not overlap region II, since 
it was found that the estimation results concerning the slowest fibres in 
region I show breaking-off effects. They are therefore considered to be 
less reliable in the overlap region (cf. Chapter 7). 
The arrival time distributions for the main complex are given in dot 
presentation since they refer to the sample distribution like in Figs 4b 
and 5b. The function \(t), being the intensity of the point process, is 
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(a) (b) 4 ms 
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Figure 4 
50;iV 
1.6 0 cm 
2 ms 
(d) 
15 (A/ 
l-ISOcm 
4 ms 
(c) 
Test set representing a normal fibre velocity distribution 
with N=10000 fibres. 
(a) Assumed distribution of propagation velocities, 
(b) arrival time distribution sampled from (a) at 
¿2 = 15 cm, presented with a time resolution of 0.04 ms, 
(c) CAP at Л2 = ^ 5 c m> calculated from (b) by using the 
volume conductor model for a near-nerve recording position, 
(d) corresponding CAP at JL = 6 cm. 
Figure 5 
Test set representing a pathological fibre velocity 
distribution with N=3500 fibres. 
(a) Assimed distribution of propagation velocities, 
(b) arrival time distribution sampled from (a) at 
І2 = 15 cm, presented with a time resolution of 0.04 ms, 
(c) CAP at І2 = 15 cm calculated from (b) by using the 
volume conductor model for a near-nerve recording position, 
(d) corresponding CAP at £-] = 6 cm. 
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Figure 6 
Results of the estimation procedure applied to the normal 
test data of Fig. 4. 
(a) Simulated CAP at Ц - 6 cm (= Fig. 4d), 
(b) simulated CAP at ¿2 = 15 cm (= Γ ί 9 · ^ » 
(c) as (b), at larger amplitude scaling to accentuate the 
late components, 
(d) arrival time distribution estimated from the combined 
data in (a) and (b). The dotted part of the Figure 
represents the non-negative least-squares estimate 
(Eq. (20)) of a(t) over region I, the solid line the 
estimate of the intensity X(t) of the point process 
(Eq. (26)) over region II, 
(e) propagation velocity histogram derived from (d). The 
fast fibre part of the histogram is derived from the dotted 
representation in (d), the slow fibre part of the histogram 
from the solid line in (d). 
given as solid curve. The velocity histograms related with λ(0 are 
presented in a binwidth of 5 m/s, while 2 m/s is used for the fast fibre 
group. This choice is dictated by a sufficient resolution for the fast 
fibre estimate and the calculated uncertainty because of the statistical 
nature of the slow fibre estimate (~ 50% (sd) per bin for the 5 m/s 
binwidth and ~ 25S (sd) for the total number of slow fibres). 
In Fig. θ we illustrate the statistical nature of particularly the 
slow fibre estimate. Four CAP pairs were generated by taking four different 
random samples from the same normal fibre distribution (Fig. 4a). These CAP 
pairs are statistically equivalent, representing four different 
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(с) (d) 
Figure 7 
Results of the estimation procedure applied to pathological 
test data of Fig. 5. 
(a) Simulated CAP at A-| = 6 cm (= Fig. 5d), 
(b) simulated CAP at ¿2 = 15 cm (= Fig. 5c), 
(c) arrival time distribution estimated from the combined 
data in (a) and (b). The dotted part of the Figure 
represents the non-negative least-squares estimate 
(Eq. (20)) of a(t) over region I, the solid line the 
estimate of the intensity \(t) of the point process 
(Eq. (26)) over region II, 
(d) propagation velocity histogram derived from (c). The 
fast fibre part of the histogram is derived from the dotted 
representation in (c), the slow fibre part of the histogram 
from the solid line in (c). 
realizations of the filtered point process Y_(t) (Eq. (9)). In Fig. 8 the 
theoretical \(t) (Eq. (6)) and the corresponding expected velocity 
distribution (Nf (v), cf. Chapter 2) are given, together with 
estimation results calculated from these four CAP pairs. 
4.2 Sensitivity analysis 
In this section we investigate the sensitivity of the estimation 
procedure to various sources of estimation error. 
An obvious error source is recording noise (Chapter 4). Even when a 
large number of sweeps is averaged the signal-to-noise ratio may not yet be 
sufficiently high to ensure reliable estimates, particularly in the small 
late components or in cases of severe fibre loss (Chapter 5). When 
calculating \(t) from Eq. (23) or (26) a correction can be introduced for 
2 
the noise variance, by estimating a (t) as the difference of the local 
2 ^ 2 
time average y (t) and the noise variance σ , 
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Figure θ 
Illustration of the statistical aspects of the estimation 
procedure. 
(a) Intensity \(t) of the arrival time point process and 
corresponding expected distribution of propagation 
velocities for a normal nerve (as in Fig. 4a), 
(b)-(e) estimation results obtained from four simulated CAP 
pairs associated with four different random samples of 
10000 fibres from the distributions as shown in (a). 
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(d) 
N.10900 
L 
(e) Figure 9 
Results of the estimation procedure 
simulated normal CAPs of Fig. 4 after 
Gaussian white noise with realistic signal-to-noise ratio 
Presentation as in Fig. 6. 
applied to the 
adding simulated 
L KlA,.^ 
(c) 4ms 
N.4SO0 
iMlmu-
70 m/s 
И) Figure 10 
Results of the estimation procedure applied to the 
simulated pathological CAPs of Fig. 5 after adding 
simulated Gaussian white noise with realistic signal-to-
noise ratio. 
Presentation as in Fig. 7. 
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a
2(t) = y2(t) - σ 2 . (27) 
y η 
2 
The noise variance a can be estimated, e.g., from a pre-stimulus 
interval. 
In order to study the sensitivity to noise, simulated Gaussian white 
noise was added to the test set of Figs U and 5. A realistic signal-to-
noise ratio, as might be present in an average over 500 sweeps, was taken 
(Chapters 4 and 5). In Figs 9 and 10 we present the corresponding results 
of the estimation procedure. 
The estimation procedure must also be expected to give incorrect 
results when incorrect model parameter values are assumed in the 
calculation of the SFAP matrices Φ, Τ or Q (Eqs (14), (20), (23)) and the 
SFAP power decline (Eg. (26)). The most important parameters are: 
- the propagation distance Л, and, in the double CAP method (Eq. 20), the 
two propagation distances l-\ and fyt ¡-be ratio of which should, at 
least, be consistent with the respective latencies of the SFAPs in the 
two recordings, 
- the volume conductor configuration, including the geometry of the record-
ing site and the relevant electrical conductivities. 
In Fig. 11 we present the results of the estimation procedure when 
applied to the noise corrupted normal test data (Fig. 9a,b) when incorrect 
model parameter values are assumed during estimation. Fig. 11a is 
associated with incorrectly measured propagation distance. This aspect 
appears to be of minor practical importance since an incorrectly assumed 
value for JL can easily be corrected, by first deriving a single CAP 
estimate a from Eq. (14), and then optimizing JL. by fitting 
the CAP calculated with Eqs (17a) and (19) to the CAP recorded at the small 
propagation distance. 
In Fig. 11b,с we demonstrate the sensitivity of the estimation 
procedure to incorrectly chosen volume conductor parameters. Rather than 
the transverse electrode to nerve axis distance of 1 mm, used in the 
generation of the normal test set of Fig. 4, we assumed a value of 0.5 mm 
(Fig. 11b) and 2 mm (Fig. 11c) during estimation. This range of variability 
appears to be what can be expected in practical recordings (Chapter 5). 
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Figure 11 
Results of the estimation procedure applied to the normal 
test data of Fig. 4 (after adding simulated Gaussian noise) 
when incorrect model parameters are assumed during 
estimation. 
(a) Incorrect ratio of propagation distances (only affect­
ing the fast fibre estimate) : Λ-) = 6.2 cm assumed during 
estimation, while the actual value was A-] = 6.0 cm. 
(b) Incorrect volume conductor configuration: electrode to 
nerve centre distance assumed 0.5 mm during estimation, 
while the actual value was 1.0 mm. 
(c) Incorrect volume conductor configuration: electrode to 
nerve centre distance assumed 2.0 mm during estimation, 
while the actual value was 1.0 mm. 
Note the different numbers of fibres in the histograms. 
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5. Discussion 
We have presented an 'inverse' model analysis concerned with the 
estimation of the propagation velocity distribution of myelinated fibres in 
a peripheral nerve. 
In contrast to other estimation procedures presented in literature 
(Cummins et al., 1979a,b; Barker et al., 1979b; Dorfman et al., 19B1; Caddy 
et al., 1991; Hirose et al., 1983; Dorfman, 1984) our method requires a 
prion knowledge of the single fibre action potential (SFAP) waveforms. For 
this aspect we employ a physiological model description. This approach 
ensures that the estimates for the fibre velocity distribution are always 
based on realistic SFAP properties. For instance, SFAP waveshapes are 
triphasic (Chapter 2; Buchthal and Rosenfalck, 1966; Stegeman et al., 1979) 
and integrate to zero. A second integration should lead to zero as 
well. When, in an estimation procedure, the SFAP waveshape is also 
estimated from the data, these basic conditions can easily be violated 
(cf. Dorfman et al., 1981). 
We started developing a technique for reconstructing the CAP 
waveshape based on Eq. (4). A least-squares estimation method incorporating 
the non-negativity constraint was used for finding the arrival time 
distribution. This reconstruction technique, described in the matrix 
formalism of Eq. (14), can in principle be applied to both main complex and 
late components. In the latter part of the signal the results of the 
estimation must be expected to be unreliable. The matrix operator in 
Eq. (14) contains a local null-space, formed by slowly varying components 
in the tail of the arrival time distribution (Fig. 1). To illustrate this 
in a practical situation we give in Figs 12 and 13 the results of the 
matrix estimation procedure (Eq. (14)) applied to the entire velocity range 
of CAPs recorded in two patients with relatively mild signs of 
polyneuropathy (cases I and IV of Chapter 5). The two cases show comparable 
late components in the CAP at the large propagation distance (Figs 12d, 
13d), in correspondence with the similarity found in the diameter 
histograms (Figs 12c, 13c). The reconstructed CAPs correspond in great 
detail with the recorded signals (Figs 12a,b and 13a,b solid line vs dotted 
line, Figs 12 and 13 d vs e), but the estimated slow fibre populations are 
considerably different (Figs 12f,g vs 13f,g). The effect as observed in 
Fig. 12f,g is what was found in most recorded CAPs. 
- m -
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Figure 12 
Results of the estimation procedure based on a least-
squares estimate from Eq. (20), when applied to the entire 
velocity range of a pair of recorded CAPs (patient I of 
Chapter 5). 
(a) and (b) superposition of recorded CAPs (solid line) and 
CAPs reconstructed by Eq. (20) (dotted line), at 
propagation distances as indicated, 
(c) histogram of myelinated fibres as determined after 
nerve biopsy, 
(d) recorded and (e) reconstructed late components of the 
CAP, given in (b), at larger amplitude scaling, 
(f) estimated arrival time distribution, 
(g) estimated propagation velocity histogram. 
In (c) and (g) N indicates the number of fibres. 
We found that this estimation approach, when applied to simulated 
data, produces correct results over the entire velocity range when correct 
model parameters are applied during estimation. If model parameters are 
incorrectly chosen or if noise is added to the data the estimation 
procedure demonstrates effects comparable with Fig. 12 and, in particular, 
with Fig. 13. Direct estimation by using Eq. (14), applied to region II 
separately, gives as a result a fibre distribution similar to Δ (t) in 
a 
Fig. 1,. with correct reconstruction of the late components, results 
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Figure 13 
Results of the estimation procedure based on a least-
squares estimate from Eq. (20), when applied to the entire 
velocity range of a pair of recorded CAPs (patient IV of 
Chapter 5 ) . 
Presentation as in Fig. 12. 
comparable with those presented in Fig. 12. A good reconstruction of the 
late components obviously does not guarantee a reliable fibre population 
estimate, as could be anticipated from Eq. (13) and Fig. 1. 
In view of these findings we decided to derive the statistical 
approach to the estimation of the slow fibre contributions. The use of a 
statistical rather than a deterministic measure is intuitively appealing in 
view of the heuristic argument that visual judgement of the late components 
is primarily based on an energy or variance consideration of the slow fibre 
contributions rather than on exact interpretation of each individual 
component. The dominant statistical nature of arrival time distribution and 
CAP in the slow fibre range was already emphasized in Chapter 3. Our 
present approach is feasible only by combining an a priori SFAP model with 
a formal description of the statistical properties of the fibre population. 
The statistical estimation method could in principle also be applied 
to the main complex, after subtraction of a smooth CAP fitted to the signal 
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(Fig. Ie) yielding a signal as given in Fig. 1f. However, here σ (t) 
vanes rapidly as a function of time (cf. Sect. 2.6). Therefore only a very 
2 
limited local time average can be applied to estimate σ (t) from 
2 y (t). This would result in extremely large statistical uncertainties 
in the estimated fibre distribution. 
In Figs 6 and 7 it is demonstrated that the combined estimation 
procedure gives quite reliable results. Estimation errors in the late 
components due to recording noise can be reduced by accounting for the 
noise variance using Eq. (27) (Figs 9 and 10). 
The fact that the estimate of the variance a (Eq. (10)) has 
to be obtained from one single realization of a filtered point process puts 
a fundamental restriction on the accuracy of the estimate. We decided to 
use a local time average to replace the theoretically required ensemble 
average. It can be shown that each individual bin with 5 m/s width has an 
uncertainty of about 50% (sd) of its expected value (cf. Fig. 8). The total 
number of slow fibres can, all other conditions being optimally met, be 
estimated with a 25% (sd) uncertainty. 
The double CAP estimation procedure shows a slight sensitivity to an 
incorrect ratio of propagation distances (Fig. 11a). When the assumed 
propagation distances are considerably different from the actual values, 
larger discrepancies must be expected. Similar effects can also be caused 
by the virtual cathode effect (Buchthal and Rosenfalck, 1966). Therefore a 
correction for JL as described in Sect. 4.2 should preferably be 
applied before calculating the double CAP estimate. 
The absolute amplitude of the assumed SFAP model is involved linearly 
in the main complex estimate (Eqs (4), (14), (20)) and quadratically in the 
slow fibre estimate (Eqs (10), (23), (26)). Therefore, the estimation 
procedure is sensitive to possible amplitude mismatches of the model, which 
affect fast and slow fibre estimates in a different way. It is particularly 
this amplitude effect which causes the considerable errors in the results 
presented in Fig. 11b,c, where an incorrect volume conductor configuration 
was assuned during estimation. The results of Chapter 7, where the 
estimation procedure is applied to measured CAPs, indicate that, in 
practice, the influence of the volume conductor variability is smaller than 
suggested by Fig. 11b,с Therefore the results in Fig. lib,с must be 
considered as a worst case. Possible amplitude mismatches of the model can 
only be determined when electrophysiological and morphological data from 
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the same nerves are available (cf. Chapters 5 and 7). 
The dependence of the estimates on errors in the assumed SFAP 
waveshapes emphasizes once more the need for a correct model description. 
In particular, experimental data on SFAP waveshape and amplitude are 
indispensible for the further improvement of such estimation methods as 
developed here. 
There obviously exist other possible error sources, which we did not 
elaborate on. The assumed intracellular action potential should be 
correct. Its duration depends on temperature (Paintal, 1966), which may 
have considerable effects for the CAP (Stegeman and De Weerd, 19 2Ь). Error 
sources particularly disturbing the variance estimate for \(t) are the 
stimulus artefact, mains interference and other slow baseline variations. 
Therefore it is advisable to apply a high pass filtering to the late 
components prior to applying the estimation procedure. In the double CAP 
method (Eq. (20)) errors will arise if the fibre populations involved in 
the two CAPs are not identical, for instance due to branching of the nerve 
or to pathological processes with a proximo-distal gradient. In a practical 
situation inspection of the reconstructed two main complexes is therefore 
an essential part of the double CAP estimation procedure. 
Appendix 
Let z(t) be a non-stationary Poisson point process with intensity 
\(t), described by a sequence of events (Papoulis, 1965) as 
z(t) = £ 6(t-ti) , (Al) 
i 
or, more formally, by a counting process N(t) (Snyder, 1975). 
N(t) and z( t ) are related by 
d
- ^ ) = z ( t ) . (A2) 
The first and second order statistics of N(t) are given by 
(Stratonovich, 1963) 
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E[dN(t)] = E[N(t+dt)-N(t)] = k(t)dt (A3) 
and 
E[dN(t1)dN(t2)] = \(t1)X(t2)dt1dt2 + X U ^ ô U ^ ^ )dt1 dt2 . (A4) 
Let S be a linear time-varying system with impulse response 
h (τ). The output y(t) of S in response to input z(t) is 
OD 
y(t) = ƒ h (t-<j)dN(a), (A5) 
—œ 
since the output of S due to an input event at σ = σ is given by the 
impulse response of S at that instant σ . 
The statistics of y(t) can be derived from Eqs (A3) and (A4). For the 
mean of y(t) we have 
Ш 
m ( t ) = E [ y ( t ) ] = ƒ h¿t-<3)\(o)úa, (A6) 
and for i t s autocovanance 
С ( t , , ^ ) = EtCyU^-m (t^KyU^-m ( t 2 ) ) ] = 
у ι ζ- у' 
= ƒ h ( t 1 -a )h ( t . -a)X(a)da, (A7) 
О Л O L 
— CD 
so that 
Ш 
σ (t ) = С ( t , t ) = ƒ h ( j 2 ( t -a ) \ (a )da . (A8) 
The equivalent of Eq. (A7) for a time-invariant system and a stationary 
Poisson point process is known as Campbell's theorem (Papoulis, 1965; 
Snyder, 1975). 
CHAPTER 7 
ESTIMATION OF NERVE FIßRE PROPAGATION VELOCITY DISTRIBUTIONS 
IN NORMAL AND DISEASED SURAL NERVE 
1 . Introduction 
The estimation of the distribution of propagation velocities of 
myelinated fibres in peripheral nerves from recorded compound action 
potentials (CAPs) has received considerable attention in literature (Barker 
et al., 1979b; Cummins et al., 1979a,b; Kovacs et al., 1979; Caddy et al., 
1981; Dorfman et al., 19B1; Ніго е et al., 1983; Dorfman, 1984). 
In the previous Chapter we have formulated such an estimation method 
based on the availability of an a priori description of the waveshapes of 
the single fibre action potentials (SFAPs), the constituting elements of 
the CAP. In contrast to estimation methods described thusfar, our procedure 
includea the estimation of the slow fibre contributions (velocities below 
~ 30 m/s). For the SFAP description we apply the previously developed 
volume conductor model (Stegeman et al., 1979; Stegeman and De Weerd, 
1982a; Chapter 2 of this thesis). The distribution of the fast fibres 
(velocities 30-60 m/s), constituting the main complex of the CAP, is 
treated as a deterministic entity. Two CAPs recorded at different 
propagation distances are used. The slow fibre contributions (velocities 
10-30 m/s), associated with the late components in the CAP, are estimated 
as a statistical quantity from a single CAP recorded at a relatively large 
propagation distance (i > 12 cm). 
In this Chapter we present the application of the estimation procedure 
to the analysis of CAPs recorded from the sural nerve with near-nerve 
needle techniques. We first demonstrate the analysis of CAPs recorded in a 
group of young, healthy volunteers. Next, the estimation procedure is 
applied to CAPs recorded in patients suffering from various kinds of 
polyneuropathy. Since in these patients a biopsy of the sural nerve was 
taken after CAP recording, we are able to compare the results of 
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the estimation procedure with the relevant morphological properties of 
these nerves. The patient CAPs were already elaborated on in Chapter 5 in a 
'forward' model approach. 
In the results of the estimation procedure a variety of phenomena is 
observed. Possible hypotheses for their interpretation are formulated. We 
emphasize that this Chapter has to be considered as a first exploration of 
the quantification of the correlation between morphology and electro-
physiology with this estimation procedure. The diagnostic value of the 
procedure per se will have to be the subject of further study. 
2. Methods 
2.1 CAP recording 
Compound action potentials were recorded from the sural nerve in a 
group of 40 patients suffering from various kinds of polyneuropathy, prior 
to biopsy of the same sural nerve. 
The CAPs were recorded orthodromically upon supramaximal stimulation. 
Both for stimulation and for recording near-nerve needle electrodes were 
applied. CAPs were recorded for two different propagation distances, JL 
and JL, by combining one fixed recording site with stimulation sites 
distally at two different distances. Typically I = 6 cm and JL = 
14 - 18 cm. For details concerning the recording procedure we refer to 
Chapter 5. 
2.2 A model for the CAP 
Our estimation procedure requires explicit a priori knowledge of the 
single fibre action potentials (SFAPs). We apply the volume conductor model 
(Chapter 2) to describe the SFAP waveforms as determined by the relevant 
physical and physiological parameters at a single fibre level. 
For each individual patient the values of the volume conductor 
parameters applied in the estimation procedure are taken identical to the 
values assumed in the 'forward' model approach described in Chapter 5. For 
the control group of normal nerves optimal volume conductor parameters are 
derived in a similar way by adapting the frequency content of a pair of 
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simulated normal CAP waveforms to that of the recorded CAPs (Chapter 5). 
An important conclusion from Chapter 6 is that the reliability of the 
estimates of the absolute number of fibres and the relative number of fast 
and slow fibres depends strongly on the amplitude of the assumed SFAPs. One 
of the observations in Chapter 5 was the overestimation of CAP amplitude by 
the volume conductor model, caused by incorrectly assumed volume conductor 
parameters, especially because of lacking reliable data from literature on 
the electrical conductivity of the intracellular medium (Chapters 2 and 5; 
Stegeman et al., 1979). 
Before applying the volume conductor model in the estimation procedure 
we therefore derived a new estimate for this conductivity from the results 
of Chapter 5. To that end the amplitudes predicted by the model were 
related to the measured CAP amplitudes. Only those cases were used where 
fibre loss was moderate and where the relative amplitude ratio of the two 
recorded CAPs was correctly reproduced by the model (cases I-V). The 
average factor describing the amplitude difference between model and 
measurement was 2.0. Therefore we use a value of σ. = 0.25 (ßm) for the 
intracellular conductivity throughout this Chapter, rather than assuming 
a. - 0.5 (Qm) as in previous Chapters (cf. Stegeman and De Weerd, 1982a). 
2.3 Estimation of the fast fibre contributions from the main complex of 
two CAPs 
Our estimation procedure basically deals with the estimation of the 
distribution of the arrival times of the individual SFAPs at the recording 
electrode. This can easily be converted to the distribution of propagation 
velocities. Two different estimation formalisms are applied to the main 
complex and to the small late components respectively. For the mathematical 
details of the procedure we refer to Chapter 6. 
The estimation of the arrival time distribution of the fast fibre 
population (velocities above ~ 30 m/s) is based on model reconstruction of 
the main complex of the CAP. The procedure can be applied to a single CAP 
or, as will be done throughout this Chapter, to the combined data of two 
CAPs recorded at different propagation distances. The model for the SFAPs 
is used in a matrix formalism. Least-squares optimization techniques are 
used in combination with a non-negativity constraint for the arrival time 
distribution. This part of the estimation procedure is applicable if a 
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distinct main complex is present in at least one of the two CAPs. The 
velocity range to which it is applied is derived from the main complex of 
the CAP at the small propagation distance I. (Chapter 6). 
The double CAP estimation procedure is sensitive to incorrectly 
determined propagation distances. Particularly if the ratio X./JL xs 
inconsistent with the ratio of the arrival time delays of the individual 
fibres, it leads to incorrect results in CAP reconstruction. This possible 
source of error is eliminated by a separate correction procedure. A 
non-negative least-squares estimate (Lawson and Hanson, 1974) of a(t,JL)» 
the arrival time distribution at large propagation distance IL, is obtained 
using the single CAP estimation procedure (Chapter 6). The measured value 
of l., the small propagation distance, is then slightly adapted by 
minimizing the integrated squared difference between the CAP recorded at 
the small propagation distance and the corresponding CAP, calculated from 
a(t,JL·) after contraction with the ratio •'Ц/^ (Chapter 6). 
This estimation is performed with a quasi-Newton optimization algorithm 
(Gill and Murray, 1972; Gill and Murray, 1976; Gill et al., 1981). It 
appears that the values thus obtained for JL may differ up to 5Й from 
the values measured during the recording. Finally, the non-negative 
least-squares estimate of the arrival time distribution from the double CAP 
estimation formalism is calculated with the optimized value for JL. 
2.4 Estimating the slow fibre contributions from the late components in a 
single CAP at large propagation distance 
It was shown in the Chapters 3 and 6 that the slow fibre contributions 
in the CAP are dominated by the statistical nature of the distribution of 
the arrival times of the individual fibres. For near-nerve recordings this 
observation holds for fibres slower than ~ 30 m/s at propagation distances 
larger than - 12 cm. It was demonstrated in Chapter 6 that for this reason 
an estimation procedure based on exact reconstruction of each individual 
component cannot be expected to give correct results for the estimated 
slow fibre population. Therefore we use a statistical estimation technique, 
derived from the formal description of the arrival times as a stochastic 
point process (Papoulis, 1965; Stegeman et al., 1979). The estimation is 
based on the interpretation of the variance in the CAP signal as a time-
varying quantity. This variance is weighted with the velocity dependent 
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power of the SFAPs to obtain the estimate of the arrival time distribution. 
This estimation technique is applied to the slow fibre contributions 
in the CAP recorded at the large propagation distance JL. A time window 
corresponding to the tail of the CAP is selected first, defined to begin at 
the time instant beyond which the baseline of the CAP is effectively zero. 
In this region the time-varying CAP variance is estimated from the squared 
value of the recorded signal. To minimize errors in the CAP variance 
estimate due to slow baseline variations (e.g. associated with the stimulus 
artefact, mains interference etc.) and high frequency noise the signal is 
first band pass filtered digitally between 200 Hz and 5 kHz. The CAP 
variance is obtained from the squared CAP signal by smoothing it with a 
rectangular window and subtracting the noise variance. The latter is 
estimated from the pre-stimulus interval in the original data. A 
rectangular smoothing window (duration 40 datapoints at 0.04 ms sample 
interval) is chosen to replace the ensemble averaging, as is theoretically 
required to estimate the variance, by a time averaging. Finally, the 
arrival time distribution is obtained by weighting the CAP variance 
estimate with the SFAP power decline derived from the volume conductor 
model. 
3. Results 
In this Chapter we present the results of our analysis in ten 
patients, the same as were selected for presentation in Chapter 5. We refer 
to Chapter 5 for a description of the pathological processes observed in 
each of these patients. The same analysis was applied in a group of healthy 
volunteers of age between 20 and 35 years. Biopsy data were obviously not 
available in this control group. 
In Figs 1-14 we present the recorded CAPs and the estimated arrival 
time and velocity distributions. In Figs 1-4 the results of the estimation 
procedure applied to CAPs recorded from the sural nerves of four healthy 
volunteers are given. In Figs 5-14 we present the results for the ten 
patients' CAP pairs. In the Figures concerning the ten patients we also 
include the histometrically determined diameter histogram of the nerve for 
comparison. The patients' case number references are identical to those in 
Chapter 5. 
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In each Figure first the CAPs recorded at the two propagation 
distances are given as a superposition of recorded CAP (solid line) and 
reconstruction of the main complex by the estimation procedure (dotted 
line). In those cases where the CAP at the large distance JL· is dominated 
by a large main complex this CAP is also plotted at a larger amplitude 
scaling to accentuate the late components from which the slow fibre 
estimate is derived. 
The estimated arrival time distributions (Figs 1e-14e) are given as a 
superposition of the main complex estimate (in dotted representation) and 
the variance estimate for the slow fibre contributions (solid line). 
Usually the two have an overlap in velocity range, as described in 
Chapter 6. In the propagation velocity histograms (Figs 1f-14f) the fast 
fibre estimate is given only for that part of the velocity range which does 
not overlap the velocity range of the slow fibre estimate, since it was 
found that the estimation results concerning the slowest fibres in the fast 
fibre estimate show breaking-off effects (e.g. Fig. 12a,b, dotted line). 
They are for that reason considered to be less reliable in the overlap 
region. We present the velocity histograms related with the slow fibre 
estimate in a binwidth of 5 m/s and the fast fibre histograms in a binwidth 
of 2 m/s. This choice is dictated by a sufficient resolution in the fast 
fibre range, and by the statistical uncertainty of the slow fibre 
estimate. The latter is derived from the number of averaged datapoints in 
the arrival time representation associated with a single bin in the 
velocity histogram.The uncertainty is typically 50% (sd) for each indi-
vidual bin, and 25% (sd) for the total number of slow fibres (Chapter 6). 
In all cases the estimated arrival time and velocity distributions 
are plotted only for the velocity range above 10 m/s, since the signal-to-
noise ratio of the CAPs at slower components was judged to be small to 
allow reliable estimates. 
4. Discussion 
Several authors have presented methods for estimating the propagation 
velocity distribution of myelinated nerve fibres from CAPs recorded with 
skin surface electrodes (Barker et al., 1979b; Cummins et al., 1979a,b; 
Kovacs et al., 1979; Caddy et al., 1981; Dorfman et al., 1981; Hirose et 
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al., 1983; Dorfman 1984). In most methods both the velocity distribution 
and the SFAP waveforms are estimated from the data. The estimation is 
restricted to fibres with propagation vélocités above ~ 30 m/s. For the 
analysis of near-nerve recorded potentials, including polyphasic potentials 
in cases of severe fibre loss, an estimation procedure based on an a prion 
description of the SFAPs is preferable to avoid estimation results 
associated with physiologically unrealistic SFAP waveforms. Also, 
estimation of the slow fibre contributions becomes feasible by the 
availability of a model. In our formalism we employ the volume conductor 
model (Chapter 2) which describes the relevant model aspects at a single 
fibre level, and thus offers optimal conditions to obtain reliable results. 
In our estimation procedure a correct description of SFAP amplitude by 
the model is required. The fast fibre estimate depends in a linear fashion, 
the slow fibre estimate in a quadratic fashion on the assumed model 
amplitude (Chapter 6). For that reason both the total nunber of fibres and 
the relative number of fast and slow fibres can only correctly be 
determined when a correct SFAP model is used. 
Explanation to Figures 1-14 
Recorded sural nerve compound action potentials (CAPs) and estimated fibre 
distributions. The volume conductor model is applied in the 'inverse' 
fashion to estimate the propagation velocity distribution of active fibres 
from the recorded CAPs. In patient cases the fibre diameter histogram as 
determined after biopsy of the nerve is given for comparison. 
(a) and (b) recorded CAPs (solid line) and main complex reconstructions by 
the fast fibre estimation procedure (dotted line), at propagation distances 
as indicated, 
(c) (for patients only) histogram of myelinated fibres as obtained after 
biopsy, with N the total number of fibres, 
(d) (for CAPs dominated by a large main complex only) CAP at larger 
propagation distance Í2 (as ln (b)), at a larger amplitude scaling to 
accentuate the late components, 
(e) arrival time distribution estimated from the combined data in (a) 
and (b). The dotted part of the Figure represents the non-negative 
least-squares estimate of the fast fibre population, the solid line the CAP 
variance estimate of the arrival time distribution of the slow fibres, 
( f) propagation velocity histogram derived from (e). The fast fibre 
histogram is derived from the dotted representation in (e), the slow fibre 
histogram from the solid curve in (e). N is the estimated total number of 
fibres. 
Note the different time and amplitude calibrations. The arrows in the time 
plots indicate the moment of stimulation. The bar at the top of (a) and (b) 
indicates the propagation velocities of the fibres contributing to the CAP 
at the associated time instants. 
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Figure 1 
Recorded CAPs and est imated f i b r e d i s t r i b u t i o n s , normal 
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Recorded CAPs and estimated fibre distributions, normal 
subject В· 
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Recorded CAPs and estimated f ib re d is t r ibu t ions , normal 
subject C. 
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Figure 4 " m 
Recorded CAPs and estimated fibre distributions, normal 
subject D. 
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Recorded CAPs, estimated fibre distributions and fibre 
diameter histogram, patient case II. 
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Recorded CAPs, estimated f ib re d is t r ibu t ions and f i b re 
diameter histogram, patient case I I I . 
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Recorded CAPs, estimated f i b r e d i s t r i b u t i o n s and f i b r e 
diameter histogram, patient case IV. 
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Figure 9 
Recorded CAPs, estimated fibre distributions and fibre 
diameter histogram, patient case V. 
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Figure 10 
Recorded CAPs, estimated fibre distributions and fibre 
diameter histogram, patient case VI. 
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Figure 11 
Recorded CAPs, estimated f i b r e d i s t r i b u t i o n s and f i b r e 
diameter histogram, patient case V I I . 
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Figure 12 
Recorded CAPs, estimated f i b r e d i s t r i b u t i o n s and f i b r e 
diameter histogram, patient case V I I I . 
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Figure 13 
Recorded CAPs, estimated fibre distributions and fibre 
diameter histogram, patient case IX. 
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Figure 14 
Recorded CAPs, estimated fibre distributions and fibre 
diameter histogram, patient case X. 
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In view of these considerations we had to apply a correction to the SFAP 
amplitudes predicted by the volume conductor model. We considered the 
assumed intracellular conductivity to be the first responsible factor for 
the mismatch of model amplitude found in Chapter 5. The previously assumed 
value of this parameter (Stegeman and De Weerd, 1982a) was derived from 
literature data on the longitudinal resistance of single nerve fibres 
(Tasaki and Frank, 1955) and can only be considered to be a rough estimate 
of the actual value. Furthermore, only this parameter is present as a mere 
amplitude scaling factor in the model (Chapter 2). Adaptation of any other 
conductivity or geometry parameter would influence the predicted CAP 
waveshapes as well, for the desirability of which no indication is 
present. However, the interindividual variations in amplitude mismatch and 
the considerable uncertainty in the predicted amplitude for each individual 
case (Chapter 5) indicate that this issue has not yet been fully solved. 
In discussing the results of the estimation procedure as given in the 
Figs 1-14 we will make an inventory of the various observations. Many 
conclusions have a speculative character since at this stage the material 
is evidently too complex and too various to give the final answers to all 
questions arising. 
In the estimation results in the control group of normal sural nerves 
(Figs 1-4) we observe a clearly bimodal velocity histogram. There is a 
satisfactory correspondence between the amplitudes of the slow fibre and 
fast fibre histograms at their connection at 30 m/s. This indicates that 
the choice made for the SFAPs, in particular their absolute amplitude, must 
be quite reasonable. The resulting histograms of the four normal cases are 
similar. The total number of fibres shows, on the average, a realistic 
order of magnitude, but an interindividual variability which is possibly 
somewhat larger than in morphological observations (Dyck et al., 1984a; 
Joosten, 1982; Thomas and Ochoa, 19B4). 
The ratio between the estimated numbers of slow fibres (velocity 
< 30 m/s) and fast fibres (velocity > 30 m/s) is approximately one to one 
in all cases. This is at first sight an underestimation of the number of 
slow fibres by a factor of approximately two, since the ratio between the 
number of small fibres (diameter < 6 \m\) and large fibres (diameter > 6 μπι) 
appears to be of the order of two to one (Dyck et al., 1984a; Joosten, 
1982; Thomas and Ochoa, 1984). Part of this mismatch can be ascribed to the 
10 m/s cut-off in the histogram, by which slower contributions possibly 
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present are excluded. Furthermore, incorrect SFAP amplitude, depending, 
e.g., on the assumed electrode-to-nerve distance, would cause incorrectly 
estimated absolute and relative number of fibres. Additionally there can be 
an incorrect model description of SFAP variation over fast and slow fibres, 
e.g., associated with effective values of the intracellular conductivity 
which are different for large and small fibres. 
In the evaluation of the estimation results in the ten patients we also 
compare the estimated velocity histograms with the diameter histograms as 
obtained after biopsy. Notice from the abscissas that an exact match of the 
shapes of the two histograms, as presented in Figs 5-14, would indicate a 
linear diameter-velocity relation with conversion factor 5. 
The estimates from the pathological CAPs jn cases I,II,IV and V (Figs 
5,6,8 and 9) show similar results as the control group. The histograms are 
bimodal with slight underestimation of the relative number of slow fibres, 
the total number of fibres again being of a realistic order of magnitude 
but showing considerable intenndividual variation. Case III deviates in 
that a remarkably small number of slow fibres is found (Fig. 7f) . Indeed 
the slow components in the CAP are considerably smaller (Fig. 7d) than in 
the other cases mentioned above. We ascribe this to the fact that these 
patient CAPs form a borderline case with respect to the applied stimulus 
strength, which may not have been really supramaximal. Notice that the 
absolute number of fast fibres estimated in Cases I-V corresponds well with 
the morphological findings, which is of course partly due to the fact that 
the determination of the new value of the intracellular conductivity was 
based on the results on these cases in Chapter 5. 
In the normal subjects and patients I,II,IV and V the number of fibres 
in the 20 - 30 m/s velocity range is rather low as compared to the 
associated range in the diameter histogram. This observation is consistent 
with the findings in Chapter 5, where CAP components in this velocity range 
often appeared to be too large. In contrast, the number of fibres in the 
1 0 - 2 0 m/s velocity range is guite large. These observations can be an 
indication of the fact that the fibres with propagation velocity below 
30 m/s have a considerably smaller average velocity than could be expected 
from the histogram, i.e., that a lower conversion factor between fibre 
diameter and propagation velocity has to be ascribed to the mid-range and 
small diameter fibres (cf. Olson, 1973; Stegeman and De Weerd, 1982a). This 
was also found in single fibre studies (Boyd and Davey, 1968). From the 
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present results this effect seems to be more pronounced than was assuned in 
the second model approach of Chapter 5. 
In Case VI the estimated velocity histogram shows reasonable 
correspondence with the diameter histogram (Fig. IQc-f), although here, 
too, the relative number of slow fibres is slightly underestimated. The 
total number of fibres found is very small, due, among others, to the fact 
that in this case a very small electrode-to-nerve distance had to be 
assumed (Chapter 5), associated with high SFAP amplitudes. This was 
dictated by the high frequency character of the recorded CAPs. In case VII 
the estimated number of fast fibres is quite realistic, but the slow fibres 
are severely underestimated. Indeed only very small late components are 
seen in the CAP (Fig. lib). The total number of fibres in сазе VI and the 
relative number of slow fibres in case VII are underestimated to a 
disproportional extent. The observation could be explained by assuning that 
not all fibres, which are anatomically present, have actually contributed 
to the CAP. This may be due to increased activation thresholds in 
pathological fibres, or to the fact that small fibres during axonal 
regeneration, as found particularly in сазе VI, are not capable of 
conducting action potentials. 
Case IX shows good correspondence in all aspects (Fig. 13). 
For the interpretation of the results in cases VIII and X it is 
important to notice the unexpected amplitude ratio between the two CAPs, 
also discussed in Chapter 5. Hence the simultaneous reconstruction of the 
two main complexes by the estimation procedure is not quite satisfactory 
(Figs 12a,b and 14a,b, solid line vs dotted line). The estimated number of 
fast fibres is to a considerable extent determined by the disproportionally 
large CAP amplitude at the small propagation distance. This must be 
considered as a main reason for the mismatch of the relative numbers of 
fast and slow fibres in these cases (Figs 12f and 14f). Estimation of the 
fast fibre contributions from the CAP at the large propagation distance 
only is expected to give more reliable information, particularly on the 
ratio of the number of fast and slow fibres. The observation itself that 
the model is not capable of reconstructing both CAPs simultaneously may 
also contain relevant information about the character of the pathological 
process, since this may indicate a large proximo-distal gradient of the 
pathological process. The phenomenon may also be caused by branching of the 
nerve. In view of these observations we emphasize that the interpretation 
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of the estimated histogram should always be accompanied by inspection of 
the correspondence between the recorded and reconstructed CAPs. 
Finally, the considerable slowing of the large myelinated fibres in 
cases IX and X is in good correspondence with the demy el mating character 
of the pathological processes in these patients. 
In conclusion we state that our estimation procedure offers the 
possibility to guantify various aspects of the CAP in a formally based 
way. Estimation results in normal subjects and in cases of mild pathology 
give mutually consistent, bimodal velocity histograms. In more severe 
pathology the estimated velocity histograms are considerably different, 
often showing a ummodal shape. The interpretation of the estimated 
absolute number of fibres is not yet self-explaining. The estimated 
relative number of fast and slow fibres appears to be consistent with the 
observed ratio of main complex and late components in the CAP, but the 
exact interpretation is hampered by the fact that it can be influenced by 
possible model amplitude mismatches. A number of the remaining questions 
can only be answered by experimental data concerning SFAP waveshape and 
amplitude dependence on the propagation velocity of the fibres. Additional 
experimental information about the functional properties of small 
myelinated fibres, in particular during axonal regeneration, would also 
contribute to the elucidation of questions arisen from this study. 
CHAPTER θ 
CONCLUSIONS 
In this Chapter a survey of the main conclusions and results of this 
study is given. The practical applicability of the methods described in 
this thesis is briefly discussed, and an outline of further perspectives is 
given. 
1. The forward model approach; volume conduction and models for the 
extraneural single fibre action potential (SFAP) 
This study started with an elaboration of both theoretical and 
empirical models for the description of the extraneural single fibre action 
potentials (SFAPs). These form the constituting elements of the compound 
nerve action potential (CAP), the main objective of this investigation. 
First the volume conductor problem for a single active fibre in a 
mediun with translation symmetry with respect to the nerve fibre axis was 
considered. The solution for the extracellular potential distribution can 
be written in the spatial domain as a convolution of the transmembrane 
current density with a weighting function describing the influence of the 
volume conductor. The corresponding expression in the time domain, often 
required in the case of propagating action potentials, can also be given as 
a convolution. The propagation velocity is included as a scaling factor of 
both amplitude and time axis in the volume conduction weighting function. 
The resulting expression for the SFAP gives a clear insight into the 
mechanisms involved in the genesis of different potential waveforms. It was 
demonstrated that the influence of the inhomogeneity introduced by the 
fibre itself is negligible. The mathematical expressions describing the 
potential field are considerably simplified by setting the fibre radius 
equal to zero. The dependence of the duration of the intracellular action 
potential on the propagation velocity of the fibre can easily be 
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incorporated in a volume conductor model. However, simulations indicate 
that the influence of this effect upon the waveforms of the SFAPs in the 
extraneural medium is negligible. 
In literature a number of ways to express the dependence of SFAP 
waveform on the propagation velocity of the fibre have been described. We 
were able to formulate a general mathematical expression which forms a 
common basis to these model formulations. By considering the assumptions 
made in the general formalism for arriving at a specific model, it is 
possible to judge the validity of that model. Various models include 
assumptions derived from excised nerve fibre data. Clearly these 
assumptions generally do not hold true in an in situ recording situation. 
For example, different assumptions are made with respect to SFAP amplitude 
variation. Also, several authors do not include a dependence on 
propagation velocity of the duration of the extraneural SFAP. An important 
conclusion from volume conductor model analysis is the decrease of SFAP 
duration as a function of propagation velocity. This effect was confirmed 
by measured CAP data, which show that the high frequency content of the CAP 
clearly decreases towards the late components. 
Like other authors we always assume that all fibres with the same 
propagation velocity can be represented by a single SFAP waveform. A 
possible dependence on the exact location of the individual fibre within 
the nerve bundle has not been included in our model study. 
2. The inverse model approach: extracting information from recorded 
compound action potentials (CAPs) 
This study aimed at developing methods for extracting relevant 
information from recorded compound action potentials. First, a nunber of 
perspectives and inherent limitations for such analysis were derived from 
the above model analysis. Next, formalized methods were developed for the 
determination of the number of active fibres and their propagation velocity 
distribution from recorded CAPs, a subject which received considerable 
attention in literature in recent years. 
It was demonstrated with model simulations that, apart from a correct 
description of SFAP dependence on the propagation velocity of the fibre, 
also the correct interpretation of the statistical nature of the nerve 
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fibre population and the correct selection of the volume conductor 
characteristics are crucial elements in the analysis of CAPs. Particularly 
in the late components and in polyphasic potentials in case of severe fibre 
loss the statistical nature of the velocity distribution of the fibres in 
the nerve is a dominant factor. We demonstrated that a procedure for the 
estimation of the fibre velocity distribution based on reconstruction of 
the waveform of recorded CAPs gives reliable results for the large main 
complex of the CAP, associated with the fast propagating fibres. For the 
late components an estimation procedure based on exact signal recon-
struction fails. The information in this part of the signal can be 
extracted by interpretation of the variance in the signal. With the 
statistically based technique to estimate the slow fibre contributions, 
which we have developed, reliable results can be obtained within an 
inherent statistical uncertainty of about 25% for the total number of slow 
fibres, provided of course that a correct SFAP model is applied. 
Combining the above insights, we developed a mathematical procedure by 
which both the fast fibre group and the slow fibre contributions can be 
estimated from the CAP. The determination of the slow fibre contributions 
to the CAP was not incorporated in other studies on the estimation of the 
distribution of propagation velocities. This was partly due to lack of an 
adequate description of the statistical properties of the fibre 
distribution. Another important reason was that these methods were devised 
for the analysis of CAPs recorded with skin surface electrodes. We 
demonstrated that this recording method puts substantial restrictions on 
the analysis of slow fibre contributions. For that reason the application 
of near-nerve needle recording is a prerequisite for the estimation of slow 
fibre contributions. A high quality of the recorded data, free of artefacts 
and with a sufficient signal-to-noise ratio, is required. 
In the 'inverse1 model approach to the estimation of the fibre 
propagation velocity distribution from one or two recorded CAPs we applied 
the volume conductor model. In contrast to current methods, in which both 
SFAP waveshape and velocity distribution are estimated from the data, a 
model-based approach assures that the estimation results are always 
consistent with physiologically realistic properties of the SFAPs. 
The fast fibre estimate depends in a linear, the slow fibre estimate 
in a quadratic fashion on the assumed SFAP model. For that reason incorrect 
description of the SFAPs does not only affect the estimated total number of 
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fibres, but also the relative number of fast and slow fibres, which is an 
important characterization of pathological processes. This stresses the 
need for using a realistic SFAP model description. 
3. Interpretation of the relation between morphological and 
electrophysiological observations in peripheral nerve 
We investigated the relation between the electrophysiological 
functioning of a peripheral nerve as reflected in the CAP signal and the 
morphological condition of the nerve as determined after biopsy. Both 
'forward' and 'inverse' model approaches were applied to CAPs recorded from 
the sural nerve in a group of healthy volunteers, and, prior to biopsy of 
the nerve, in patients suffering from various kinds of polyneuropathy. 
The model was first used in a 'forward' way by combining the diameter 
histogram of the sural nerve with a linear relation between fibre diameter 
and propagation velocity. It was found that the simulated CAPs show 
systematic discrepancies with the CAPs recorded from the same nerve prior 
to biopsy. The differences mainly concern incorrect reproduction of the 
dispersion of the arrival times of the SFAPs at the recording electrode, 
caused by incorrectly assumed propagation velocities. This observation 
indicates the existence of small but essential nonlinearities in the 
diameter-velocity relation. Detailed analysis of these and related effects 
is substantially improved by the interpretation of the combined data of 
CAPs recorded at different propagation distances. 
We demonstrated that the volume conductor model is capable of 
correctly reconstructing the recorded CAPs when the velocity distribution 
derived from the diameter histogram and a linear diameter-velocity 
relation is slightly adapted. A saturation of the propagation velocity of 
the largest fibres must necessarily be assumed to correctly reproduce the 
main complex of the recorded signals with the model. Also for the slow 
fibre population nonlinearities in the diameter-velocity relation must be 
assumed. From the fibre diameter histogram and the propagation velocity 
distribution giving optimal CAP reconstructions an empirical estimate can 
be derived of the diameter-velocity relation in myelinated fibres. The CAP 
was found to be very sensitive to nonlinearities in that relation. Since 
this relation reflects the functional state of the fibre population, in 
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particular the condition of the myelin sheath, it might become a potential 
tool for the characterization of pathological processes, such as segmental 
de- and remyelination. 
The above 'forward' model simulation approach for the interpretation 
of the recorded CAPs was then replaced by the formally based 'inverse' 
procedure for estimating the fibre propagation velocity distribution. We 
compared the fibre distributions estimated from the electrophysiological 
data with the morphological findings in the nerve biopsy. This aspect has 
received little attention in literature thusfar, although it is the only 
way in which the estimation techniques can be validated. 
The 'inverse' model approach, when applied to CAPs recorded in normal 
sural nerves, estimates velocity djstributions which are clearly bimodal 
and are similar for different nerves. The estimated absolute numbers of 
fibres are in a realistic range, but the intenndividual variability is 
somewhat larger than can be expected from morphological observations. The 
relative number of slow fibres appears to be slightly underestimated as 
compared to the relative number of small fibres in a normal diameter 
histogram. 
The estimation procedure, when applied to CAPs recorded from 
pathological sural nerves, yields velocity distributions which are in most 
cases consistent with the diameter histograms of the same nerves and with 
other relevant aspects of the pathological process. In mild pathology the 
estimated velocity histograms are bimodal and show good correspondence with 
the histometrically determined diameter histograms. In more severe cases 
the estimated velocity histograms are considerably different, often showing 
an unimodal shape. 
In some cases the total number of fibres or the relative number of 
slow fibres is disproportionally underestimated. ThJS phenomenon has not 
been fully understood. If stimulation has indeed been supramaximal, the 
observation can be considered as an indication of the existence of non-
conducting (small) fibres, e.g., during processes of axonal regeneration. 
In general, the average velocity of the estimated slow fibre group is 
considerably lower than could be expected from the diameter histogram and a 
conversion factor of 4.5 to 5 as is commonly assumed. Therefore, our 
results also indicate a substantial nonlineanty in the diameter-velocity 
relation of the slow fibre group. 
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4. Perspective 
We combined morphological observations, electrophysiological 
measurements and model analysis of compound action potentials. Formally 
based analysis methods were derived for estimating the propagation velocity 
distribution of the active fibres. Both fast fibres and, for the first 
time, slow fibre contributions were included. The results show a promising 
mutual consistency among normal nerves, and a good correspondence with the 
diameter histogram of the nerve and other relevant aspects of the 
pathological process in most of the patient data. However, also a number of 
questions have been brought up, which have not yet all been fully answered. 
These questions apply both to the formulation of correct models for 
the SFAPs and to the functional manifestations of peripheral nerve 
pathology. As far as model analysis is concerned, the use of a correct 
model appears to be crucial for the reliable estimation of the total number 
of fibres and of the relative number of fast and slow fibres. For that 
reason we consider the availability of experimental data on the SFAP 
waveform and its dependence on the volume conductor characteristics and the 
propagation velocity of the fibre as an important prerequisite for the 
further development of model-baaed analysis methods for the CAP. With 
respect to nerve functioning under pathological conditions an important 
issue which would deserve further investigation is in particular the 
propagation properties in clusters of small regenerating axons sprouting 
from the same fibre. 
We have developed methods which contribute to the evaluation of 
pathological processes in peripheral nerve. The insight into the functional 
manifestations of neuropathy can be increased by combination and confronta­
tion of electrophysiological measurements, morphological studies and 
model-based methods of analysis. In order to establish the diagnostic value 
and the discriminative power of the present methods of analysis per se an 
evaluation of a larger group of patients will be the main subject of future 
study. 
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SUMMARY 
This thesis deals with the analysis of the electrical activity which 
can be recorded from whole peripheral nerves in situ, as evoked by an 
external electric stimulus. Mathematical and physical methods are used to 
develop and evaluate model descriptions for the genesis of the observed 
compound action potential (CAP) from the relevant anatomical and 
physiological parameters of the nerve. Methods of analysis are derived from 
the model formulations and applied to compound action potentials recorded 
under a variety of (pathophysiological conditions. The results of the 
analysis are evaluated in relation with morphological observations in the 
same nerves. 
By way of an introduction Chapter 1 contains a concise survey of the 
context of this study. The historical background is described and the main 
issues of investigation are indicated. 
Chapter 2 deals with the theoretical formulation of a volume conductor 
model for the description of single fibre action potentials (SFAPs) and 
compound action potentials (CAPs). The extracellular single fibre action 
potentials, the constituting elements of the CAP, are expressed, in a 
convolution formalism, in terms of the intracellular action potential 
patterns and the effect of volume conduction. The model incorporates 
variations in the intracellular potential duration over the fibre 
population. Volume conduction is described in a generalized expression for 
a class of cylinder symmetrical configurations. The CAP is finally 
formulated as the linear summation of the SFAPs, with incorporation of the 
distribution of propagation velocities over the fibre population. The final 
expression of SFAPs and CAP are given in a mathematically transparent form, 
which gives a clear insight into the mechanisms involved in the genesis of 
different potential waveshapes. 
In Chapter 3 a comparative evaluation is given of different model 
formulations of the CAP which have appeared in literature. First a survey 
is given of both theoretical and empirical model formulations, 
concentrating upon the different descriptions of SFAP waveshape variation 
among the active fibres. The relationships between the various model 
formulations are clarified and the involved assunptions are discussed. 
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Then computer calculations of both single fibre and compound action 
potentials are used to study the differences in signal characteristics as 
predicted by the different models. It is concluded that the models show 
distinct differences in the predicted potentials, which are revealed most 
clearly in near-nerve recordings in pathological nerves. Apart from these 
differences, however, an adeguate interpretation of the fibre population 
statistics and of the volume conductor characteristics proves to be an 
essential prerequisite in CAP analysis. 
Chapter 4 gives an application of the model to the development of 
optimal experimental recording techniques. The influence of the type and 
size of the recording electrode upon the recorded CAP is studied in order 
to establish optimal conditions for the application of quantitative 
methods of analysis. The volume conductor model is used to assess the 
dependence of the recorded signal on the position of the recording 
electrode with respect to the nerve. The analysis of both single fibre and 
compound action potentials leads to the conclusion that near-nerve 
recording gives substantially more information. This applies in particular 
to the fine detail in the CAP, such as notches in the main complex and the 
late components. Subsequently, the influence of the needle electrode's bare 
tip length on the recorded signal is investigated by spatially averaging 
the potentials over the lead-off area. The results are combined with 
experimentally obtained noise levels for various stainless steel needle 
electrodes in order to determine the signal-to-noise ratio as a function of 
bare tip length. It is concluded that for near-nerve recording a needle tip 
length of 1-2 mm gives optimal results in terms of waveshape preservation 
and signal-to-noise ratio. 
In Chapter 5 the volume conductor model is applied in a 'forward' way 
to the analysis of pathological CAPs. The CAPs were recorded from the sural 
nerve, prior to nerve biopsy, in patients with various kinds of 
polyneuropathy. The model analysis of the CAPs is performed in close 
relation with morphological findings in the biopsy. First, the fibre 
diameter histograms obtained from the biopsy are used to simulate CAPs, 
by assuming a linear relation between fibre diameter and propagation 
velocity. It is concluded that the simulated CAPs deviate systematically 
from the recorded CAPs. Next, the assumed fibre velocity distribution is 
adapted to obtain optimal reconstructions of the recorded CAPs. It is 
concluded that the model is capable of reconstructing the recorded CAPs 
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including slow components and small polyphasic potentials in case of severe 
fibre loss. The diameter histogram and the optimal propagation velocity 
distribution are combined to obtain an empirical estimate of the diameter-
velocity relation. 
In Chapter & a mathematical procedure for estimating the propagation 
velocity distribution of myelinated fibres from recorded compound action 
potentials is described. It is based on the theoretical model analysis 
presented in the previous Chapters. The estimation procedure consists of 
two separate parts pertaining to the main complex of the CAP and to the 
small late components respectively. The estimation procedure for the fast 
fibre contributions forming the main complex is based on reconstruction of 
the recorded signal by using least-squares optimization techniques. The 
procedure developed for the late components is statistically based. The 
time-varying variance in the CAP signal is weighted with the velocity 
dependent energy content of the SFAPs. For this purpose a formal 
description of the arrival time distribution as a stochastic point process 
is used. It is demonstrated with simulated data that the method gives 
reliable estimates of the fibre velocity distribution, provided that a 
correct description of the SFAPs is used. Provisions can be made to 
diminish possible errors due to recording noise or incorrectly measured 
propagation distances. 
In Chapter 7 the above estimation method is applied to CAPs recorded 
in normal subjects and in patients suffering from polyneuropathy. The fibre 
velocity distributions estimated from the patients' CAPs are compared with 
the diameter histograms as obtained after biopsy. It is found that in 
normal nerves the estimated velocity histograms are clearly bimodal and 
show a good mutual correspondence. In the patient group the fast fibre 
estimate shows good correspondence with the diameter histograms and the 
results of Chapter 5. The estimated slow fibre contributions sometimes show 
considerable differences with the diameter histograms. Possible expla­
nations for this observation are discussed. It is concluded that in 
particular the choice of a correct SFAP description is a major prerequisite 
for the reliable estimation both of the absolute number of fibres and of 
the relative number of fast and slow fibres. 
In Chapter θ the major conclusions of this study are summarized, and 
the perspectives for application of the methods of analysis are discussed. 

SAMENVATTING 
Bij klinisch neurofysiologisch onderzoek van het perifere zenuwstelsel 
neemt het bepalen van de functionele toestand van de sensibele zenuwge-
leiding een belangrijke plaats in. Bij een dergelijk onderzoek wordt een 
kortdurende, krachtige electnsche prikkel aan een zenuw toegediend waarmee 
simultaan in alle afzonderlijke gemyelimseerde vezels actiepotentialen 
worden opgewekt. Deze actiepotentialen worden vervolgens langs de vezels 
voortgeleid. Op enige afstand van het stimulatiepunt wordt nu een afleid-
electrode nabij de zenuw geplaatst. Daarmee kan een electnsche potentiaal-
variatie worden geregistreerd, gepaard gaande met het passeren van de 
actiepotentialen van de afzonderlijke vezels (single fibre action 
potentials, SFAPs). Het geregistreerde electnsche signaal staat bekend als 
de sensibele zenuwpotentiaal (sensory potential) of als de samengestelde 
zenuw actiepotentiaal (compound action potential, CAP), omdat het is opge-
bouwd uit de bijdragen van de afzonderlijke vezels. De voor de diagnostiek 
van zenuwaandoeningen relevante informatie die in het signaal besloten ligt 
heeft betrekking op de aantallen actieve vezels en hun geleidingssnelheden. 
De actiepotentialen worden met verschillende snelheden langs de indi-
viduele vezels voortgeleid. De geleidingssnelheid is onder andere afhanke-
lijk van de diameter van de betreffende vezel, en ligt voor normale ge-
myelimseerde vezels in de orde van enkele tientallen meters per seconde. 
Door dit verschil in snelheid is er bij aankomst op de plaats van de af-
leidelectrode sprake van een uitsmering in de tijd van de SFAPs, de bij-
dragen van de afzonderlijke vezels aan het samengestelde signaal (CAP). De 
SFAPs zijn tnfasisch van vorm en verschillen in duur en, vooral, in ampli-
tude als functie van de geleidingssnelheid. De CAP is dus het resultaat van 
een complex interferentieproces tussen de verschillende SFAP bijdragen. Om 
deze redenen is het geenszins vanzelfsprekend hoe uit het samengestelde 
zenuwsignaal de informatie over de geleidingseigenschappen van de hele 
vezelpopulatie kan worden afgeleid. Hoewel deze kennis in hoge mate rele-
vant kan zijn voor de diagnostiek, wordt in de klinische praktijk dan ook 
slechts naar globale parameters van het signaal gekeken, zoals de amplitude 
en de geleidingssnelheid van de snelste component. 
Om meer inzicht te verkrijgen in de wijze waarop de inherent aanwezige 
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informatie in de samengestelde actiepotentiaal besloten ligt is het zinvol 
gebruik te maken van theoretische modellen. Zulke modellen beschrijven hoe 
de vorm van het samengestelde signaal afhangt van de relevante parameters 
van de zenuw. Dit proefschrift heeft als onderwerp de ontwikkeling, 
evaluatie en toepassing van methodes ter analyse van de samengestelde 
actiepotentiaal, die op dergelijke theoretische modellen gebaseerd zijn. 
Daarbij speelt de combinatie van electrofysiologische metingen aan de n. 
suralis en modelanalyses enerzijds, en morfologisch onderzoek aan biopten 
van diezelfde zenuw anderzijds een belangrijke rol. 
In Hoofdstuk 1 wordt een beknopt overzicht gegeven van de context van 
het onderzoek en de historische achtergrond. 
Hoofdstuk 2 behandelt de verdere uitwerking van een eerder ontwikkeld 
model, gebaseerd op volumegeleidingstheone. Dit model beschrijft hoe de 
golfvorm van de op enige afstand van de zenuw waarneembare 'single fibre' 
actiepotentiaal, gegeven de intracellulaire potentiaalvorm, bepaald wordt 
door de geometrie en de electrische eigenschappen van het weefsel. Door 
enkele vereenvoudigende aannames aan te brengen in eerdere modelformu-
leringen wordt een wiskundige beschrijving verkregen, die een eenvoudiger 
interpretatie dan voorheen mogelijk maakt. In Hoofdstuk 3 wordt een 
vergelijkende analyse gegeven van verschillende modelbeschrijvingen voor de 
SFAPa die in de literatuur gehanteerd worden. Aan de hand van 
modelsimulaties wordt aangetoond dat er duidelijke verschillen bestaan in 
de golfvormen van de signalen zoals die door de verschillende modellen 
worden voorspeld. Het blijkt echter dat het juist beschrijven van de 
volumegeleider configuratie en van de statistische eigenschappen van de 
vezelpopulatie van vergelijkbaar groot belang zijn als de keuze van een 
bepaalde afhankelijkheid van de geleidingssnelheid. 
In Hoofdstuk 4 wordt onderzocht welk type afleidelectrode optimaal is 
gelet op de in het geregistreerde signaal verkregen informatie. Modelsimu-
laties maken duidelijk dat een dicht bij de zenuw geplaatste naaldelectrode 
meer gedetailleerde informatie geeft dan een op de huid boven de zenuw aan-
gebrachte electrode. Door combinatie van modelsimulaties met experimentele 
metingen van electroderuis wordt aangegeven dat voor dergelijke naald-
electroden een vrije tip van 1-2 mm optimaal is met betrekking tot een 
maximale signaal-ruis verhouding in het geregistreerde signaal. 
In Hoofdstuk 5 wordt het volumegeleider model gebruikt om samenge-
stelde actiepotentialen te simuleren die, voorafgaand aan het nemen van een 
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biopt van de n. suralis, aan diezelfde zenuw gemeten zijn bij patiënten 
lijdend aan polyneuropathieën van verschillende aard en ernst. Wanneer de 
geleidingseigenschappen van de vezelpopulatie worden afgeleid uit het dia-
meter histogram van gemyeliniseerde vezels in combinatie met een lineair 
verband tussen diameter en geleidingssnelheid, blijkt, dat de gesimuleerde 
potentialen systematisch afwijken van de gemeten signalen. Het model is 
echter uitstekend in staat de gemeten signalen te reconstrueren wanneer 
kleine niet-lineanteiten in de diameter-snelheid relatie worden veronder-
steld. Uit deze analyse wordt een empirische schatting van de diameter-
snelheid relatie afgeleid. 
In Hoofdstuk 6 wordt een wiskundige methode ontwikkeld waarmee uit ge-
meten potentialen de aantallen actieve vezels en de verdeling van hun ge-
leidingssnelheden kan worden bepaald. Omdat een dergelijke methode een 
statistisch karakter heeft, wordt gesproken van een schattingsprocedure. De 
bepaling van de bijdrage van snelle vezels wordt afgeleid uit modelrecon-
structie van het hoofdcomplex van de CAP. Een dergelijke procedure blijkt, 
mede door de statistische aard van het signaal, niet geschikt voor het be-
palen van de langzame vezel bijdragen. Deze kunnen echter wordt geschat op 
grond van analyse van de variantie in het CAP signaal. Aan de hand van ge-
simuleerde data wordt de schattingsprocedure gedemonstreerd. In Hoofdstuk 7 
wordt de bovengenoemde schattingsprocedure toegepast op CAPs, gemeten aan 
de n. suralis. Bij gezonde proefpersonen wordt een duidelijke bimodale ver-
deling van snelheden gevonden, met goede onderlinge consistentie tussen 
verschillende proefpersonen. De resultaten van de schattingsprocedure toe-
gepast op bij patiënten gemeten CAPs worden vergeleken met de morfologische 
bevindingen in het zenuwbiopt. Bij lichte pathologie wordt goede overeen-
komst gevonden. In ernstiger gevallen worden soms discrepanties aangetrof-
fen, vooral betrekking hebbend op een te lage schatting van de aantallen 
langzame vezels. Een aantal mogelijke verklaringen voor deze en andere be-
vindingen wordt besproken. 
In Hoofdstuk 8 worden de belangrijkste resultaten en conclusies van 
het onderzoek samengevat en worden de perspectieven voor toepassing van de 
ontwikkelde analysemethoden besproken. 
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STELLINGEN 
behorende bij het proefschrift 
MODELS AND ANALYSIS OF SENSORY NERVE POTENTIALS 
I 
De invloed van volumegeleiding op de vorm van de extracellulaire potentiaal 
als functie van de tijd bij een langs een zenuwvezel voortgeleide actie-
potentiaal is mede afhankelijk van de geleidingssnelheid van die actie-
potentiaal. Het is daarom onjuist aannames omtrent de wijze waarop de 
extracellulaire actiepotentiaal van een zenuwvezel in situ afhangt van de 
geleidingssnelheid van die vezel te ontlenen aan gegevens verkregen uit in 
vitro experimenten. 
II 
Bij het beschrijven van de electrische potentiaalverdeling rond een actieve 
zenuwvezel in situ met volumegeleidingstheorie is de invloed van de inhomo-
geniteit, veroorzaakt door de aanwezigheid van de vezel zelf, verwaarloos-
baar. 
III 
Een model voor de samengestelde zenuwactiepotentiaal heeft slechts een be-
perkte realiteitswaarde indien hierin niet de eindigheid van de vezelpopu-
latie in rekening wordt gebracht. 
IV 
De kwantitatieve analyse van samengestelde zenuwactiepotentialen wordt 
ernstig gehinderd door het niet beschikbaar zijn van betrouwbare experimen-
tele gegevens omtrent de opbouwende elementen van het signaal: de extra-
neurale actiepotentialen van afzonderlijke vezels, en de afhankelijkheid 
daarvan van de relevante anatomische en fysiologische variabelen. 
V 
Zoals blijkt bij het schatten van vezelverdelingen zit ook bij de samenge-
stelde zenuwactiepotentiaal het venijn in de staart. 
VI 
Indien een verzameling tijdstippen kan worden beschouwd als een aselecte 
steekproef uit een continue kansdichtheid op de tijdas, kan de door deze 
verzameling gedefinieerde tijdreeks van eenheidsgebeurtenissen worden opge-
vat als een realisatie van een Poisson puntproces. 
VII 
Op het gebied van methoden ter bepaling van kleinste kwadraten oplossingen 
van ondergedetermineerde lineaire stelsels is onvoldoende bekend over moge-
lijkheden om de nulruimte van de lineaire operator te elimineren door 
middel van singuliere waarden ontbinding technieken in combinatie met de 
randvoorwaarde van het niet-negatief zijn van de componenten van de 
oplossingsvector. 
VIII 
Gezien de wezenlijke bijdrage die uitgebreid, nauwkeurig electrofysiolo-
gisch onderzoek kan leveren aan het verscherpen van de indicatie tot het 
nemen van een biopt van de n. suralis is het alleszins verantwoord aan een 
dergelijk onderzoek bij een patient, bij wie een zenuwbiopsie wordt over-
wogen, een halve dag te besteden. 
IX 
Het onbegrip rond de herkomst van zogenaamde 'far field' evoked potentials 
in de klinische neurofysiologie had voorkomen kunnen worden indien van het 
begin af voldoende aandacht aan de invloed van volumegeleiding zou zijn be-
steed. 
X 
Om redenen van emancipatie en verdeling van werkgelegenheid dient het 
creëren van mogelijkheden om wetenschappelijke arbeid in deeltijdaanstel-
ling te bedrijven krachtig te worden bevorderd. 
XI 
Een samenleving die haar onderwijsbeleid in toenemende mate laat bepalen 
door harde economische motieven miskent het belang van humaniora, geestes-
wetenschappen en muzische vorming voor de ontwikkeling van de talenten van 
haar leden en geeft daarmee blijk van een kortzichtige visie op de toekomst 
van haar beschaving. 
XII 
Gezien de soms optredende spontane activiteit van bepaalde tekstverwerkers 
kan het woord 'verwerker' in deze context worden opgevat als een contami-
natie van 'verwekker' en 'wegwerker'. 
Nijmegen, september 1985 Ruurd Schoonhoven 



